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ABSTRACT
ELECTROPHYSIOLGY, CELL CALCIUM, AND MECHANISMS OF 
HEPATOCYTE VOLUME REGULATION
by
Walid E. Khalbuss 
The electrophysiologic technique [Reuss, L., Proc.
Natl. Acad. Sci. USA 82:6014, 1985] was modified to measure 
changes in steady-state hepatocyte volume during osmotic 
stress. Hepatocytes in mouse liver slices were loaded with 
tetramethylammonium ion (TMA*) during transient exposure of 
cells to nystatin. Intracellular TMA+ activity (a THA) was 
measured with TMA+-sensitive, double-barreled 
microelectrodes. Loading hepatocytes with TMA+ did not 
change their membrane potential (V,,), and under steady-state 
conditions a'THA remained constant over 4 min in single 
impalements. Hyperosmotic solutions (50, 100, & 150 mM 
sucrose added to media) and hyposmotic solutions (sucrose in 
media reduced by 50 & 100 mM) increased and decreased a TH., 
respectively, which suggested transmembrane water movements. 
The regression coefficient of the ratio of control 
a ^ /experimental a ^  versus the relative osmolality of 
media (experimental mOsm/control mOsm) was - 0.34 ± 0.03, 
p<0.001, which is less than expected for a perfect 
osmometer. Corresponding measurements of V. showed that its 
magnitude increased with hyposmolality and decreased with 
hyperosmolality; When Ba (2 mM) was present during 
hyposmotic stress of 0.66 x 286 mosm (control), cell water 
volume increased by a factor of 1.44 ± 0.02 compared with 
that of hyposmotic stress alone, which increased cell water 
volume by a factor of only 1.12 ± 0.02, p<0.001. Ba2* also 
decreased the hyperpolarization of V_ due to hyposmotic 
stress from a factor of 1.62 ± 0.04 to 1.24 1 0.09, pco.oi. 
When verapamil (50 pM) was present during hyposmotic stress 
of 0.69 x 292 mOsm (control), cell water volume increased by 
a factor of 1.42 ± 0.02 compared with that of hyposmotic 
stress alone, which increased cell water volume by a factor 
of only 1.19 ± 0.02, p<0.001. Verapamil also decreased the 
hyperpolarization of V. due to hyposmotic stress from a 
factor of 1.34 ± 0.07 to 1.08 ± 0.08, p<0.05. Similar 
results were obtained when exposing hepatocytes to Ca-free 
medium plus EGTA (5 mM)• It was concluded that hepatocytes 
partially regulate their steady-state volume during hypo- 
and hyperosmotic stress. However, volume regulation during 
hyposmotic stress diminished along with hyperpolarization of 
Vp in the presence of the K*-channel blocker, Ba , the Ca - 
channel blocker, verapamil and the Ca -chelator, EGTA.
This indicated that cell calcium and membrane potassium 
conductance (g*) were involved in hepatocyte volume 
regulation mechanism and that variation in V,, provides an 
intercurrent, electromotive force for hepatocyte volume 
regulation.
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CHAPTER 1 
Introduction
Significance of Cell Volume Regulation 
In the average young adult human, water accounts for 
60% of body weight. Of this water 55% is within the 
cells. A significant body function is to regulate cell 
water content. How the body performs this regulation is 
still largely speculative.
Several cell types, including hepatocytes, are highly 
permeable to water (Graf et al., 1988). Thus, exposure of 
these cells to a hypo- or hypertonic medium results in 
water movement across the cell membrane (osmometric 
response). However, several cell types have adaptive 
mechanisms to maintain their volume. These mechanisms 
compensate corresponding changes in intracellular water, 
and they fulfill an important homeostatic function of 
maintaining steady-state cell water balance. These 
mechanisms vary with cell type and according to 
requirements for either volume regulatory increases or 
decreases (Siebens, 1985).'
A large number of previous studies have concentrated 
on volume control in many vertebrate cells, especially 
unattached cells such as erythrocytes and other blood 
components (siebens, 1985). Other studies have focused on 
volume control of epithelial cells of Necturus gallbladder
1
(Larson et al, 1984)/ renal tubule cells, and frog urinary 
bladder cells (Davis et al, 1985). These studies showed 
that there are two types of volume regulation: long-term
volume regulation and short-term volume regulation.
Long-term volume regulation occurs over an extended 
period of time. The Na+-K* pump, which utilizes about 33% 
of total cell energy, is considered to be a major 
contributor to long-term cell volume regulation. Cell 
membrane is permeable to water and solutes of the 
extracellular medium. But since it is impermeable to the 
intracellular anionic macromolecules and colloids, there 
should be continual entry of water into the cell due to 
the colloid osmotic forces generated by these impermeable 
macromolecules (Leaf, 1956), which results in lysis of the 
cell. But the Na+-K+ pump, by maintaining proper 
concentration of Na+ and K*, prevents this swelling and 
lysis. This has been known as the pump-leak model of the 
volume regulatory mechanism, which has been demonstrated 
by Tosteson and Hoffman (i960) using sheep erythrocytes.
Leak refers to ion movements not inhibited by ouabain, 
and these include transport by electrodiffusion and 
coupled transport (Siebens, 1985). In this model, Na+ and 
K* leak down their respective electrochemical gradients. 
Thus, the Na+-K+ pump is utilized to restore and correct 
the intracellular ion concentrations. In rat liver 
slices, MacKnight et al. (1974) have demonstrated that
inhibiting the Na+-K+ pump by ouabain over ISO min did not 
inhibit volume regulation in these cells. So, they 
concluded that liver cells have a ouabain-insensitive 
volume regulation mechanism.
Short-term volume regulation occurs in several cell 
types when they are exposed to hypo- or hypertonic 
solution over short periods of time (minutes or hours)
(for review see: MacKnight and Leaf, 1977? Siebens, 1985?
Kleinzeller and Ziyadeh, 1990). In general, if we expose 
cells to hypotonic solution there is initial swelling 
(osmometric response)(Deutsch et al., 1982). This 
swelling is followed by a spontaneous shrinkage phase to 
or near to the original volume (isotonic volume), even 
though the cell is still in hypotonic solution. This 
mechanism is termed regulatory volume decrease (RVD). The 
opposite will occur in cells if they are exposed to 
hypertonic solution. This regulatory swelling phase is 
named regulatory volume increase (RVI). RVD or RVI occurs 
relatively quickly. In vertebrate cells this is usually 
within a few hours to a few minutes. For example RVD, 
requires about four min in human lymphocytes (Ben-Sasson 
et al., 1975; Deutsch et al., 1982), while in some nerve 
cells it requires several hours (Pollock and Arief, 1980).
In general, these volume regulatory mechanisms result 
in changes or shifts in cellular ion content (for review 
see: HacKnight and Leaf, 1977; Siebens, 1985; Graf et
al., 1988; Kleinzeller and Ziyadeh, 1990). In some 
studies. Including studies on hepatocytes, this is 
independent of the Na+-K+ pump, because inhibition of the 
Na+—K+ pump with ouabain does not affect the cells' 
ability for short-term volume regulation (Schmidt et al., 
1977; MacKnight et al., 1974). However, the pump still 
has an indirect, long term involvement to maintain high K+ 
and low Na+ intrace llularly.
The RVD aims to reduce the swelling cell to near its 
original volume. This has been shown to involve 
activation of mechanisms to achieve net cellular loss of 
KCl. Thus, water exits and cells shrink to near their 
original volume. Several transport systems have been 
shown to be involved in this mechanism (for review see: 
Siebens, 1985; Kleinzeller and Ziyadeh, 1990; MacKnight 
and Leaf, 1977). These include: activation of K* and/or
Cl" conductance, K+-Cl" cotransport (furosemide-sensitive 
Cl"-dependent K+-transport), parallel K+-Hf and C1‘-HC03" 
exchange systems, loss of Na+ via Ca2+-dependent Na+- 
extrusion, and K*-loss by an unknown mechanism.
The RVI aims to increase the volume of the shrinking 
cells to near their original volume. This has been shown 
to involve activation of mechanisms that cause net 
movement of NaCl into the cells. Thus, water follows and 
cells restore their original volume. Several transport 
systems have been shown to be involved, for example: Na+-
K+-2C1“ cotransport system (furosemide-sensitive), Na+-Cl’ 
cotransport system, parallel Na*-H+ exchange (amiloride- 
sensitive) and C1~-HC03~ exchange systems, and Na+ gain by 
unknown mechanisms (Siebens, 1985; Kleinzeller and 
Ziyadeh, 1990). Several other mechanisms have been also 
suggested to be involved in volume regulation, for 
example: organic osmolytes; cytoskeleton of the cell
(Kleinzeller and Ziyadeh, 1990); inositol triphosphate 
system (Christensen et al., 1988); arachidonic acid, fatty 
acids, prostaglandins, and leukotrienes (Lambert, 1987, 
Lambert et al., 1987); and cell Ca2'*’ (Grinstein et al., 
1982; Wong and Chase, 1986; Khalbuss, 1988; Bear, 1990).
Volume Regulation in Hepatocytes
Cell volume regulation may be singularly important for
*
the liver, which as a transporting epithelium performs 
various organism-sustaining functions that alter cell 
metabolism, transport, and secretion (Howard and 
Wondergem, 1987; Graf et al., 1988). Since the liver is a 
metabolically active organ, it is exposed to a variety of 
osmotic stresses. For example, after water intake into 
the gastrointestinal tract hyposmotic stress to the liver 
may result (Glasby and Ramsay, 1974). Haberich et al. 
(1964) postulated that swelling of liver cells following a 
reduction in portal blood osmolality might be the stimulus 
to trigger a nervous or a humoral mechanism resulting in a
diuresis. On the other hand, Glasby and Ramsay (1974) 
suggested that the liver might act as a "sponge" for 
water, restricting the entry of the hypotonic portal blood 
to a rate which would show no change in systemic plasma 
osmolality. Hepatocytes also may be exposed to osmotic 
stress during intestinal absorption (Gauer et al., 1972). 
It is clear that changes in functional demand on the liver 
require mechanisms for cell volume control (Howard and 
Wondergem, 1987; Graf et al., 1988; Haddad and Graf, 1989; 
Haddad et al., 1989; Kristensen, 1986). However, little 
is known about mechanisms involved in hepatocyte volume 
regulation.
Many invertebrate cells have RVD, but they do not have 
RVI (Gilles, 1987). On the other hand, many vertebrate 
cells that have been studied have RVD, but fewer have RVI 
(for review see: Schultz, 1989; Kleinzeller and Ziyadeh,
1990). For example, cells in mouse renal thick ascending 
limbs of Henle's loop do not have RVI (Hebert, 1986). 
However, RVI in these cells can be induced by presence of 
vasopressin (Hebert, 1986). It has been proposed that RVD 
is more universal among cell types because it may play a 
role as a defense mechanism, preventing cells from 
bursting (Kleinzeller and Ziyadeh, 1990). Because little 
is known about the time course of hepatocytes volume 
regulation (Graf et al., 1988), it is still not clear 
whether RVD and/or RVI exist in liver cells. Some studies
7suggested that both RVI and RVD exist in hepatocytes (Graf 
et al., 1988; Haussinger et al., 1990). Other studies 
suggested that the hepatocytes have RVD but not RVI 
(Bakker-Grunwald, 1983, Stewart, 1989). Previous studies 
(Howard and Wondergem, 1987; Khalbuss, 1988; Wang, 1989) 
have suggested that mouse liver cells have volume 
regulation. But the time course for this volume 
regulation which clarifies RVD and RVI is still unclear. 
This study aimed to examine the time course for the volume 
regulation in hepatocytes.
Siebens stated in his review article (1985) that one of 
the three characteristics of cell volume regulation is 
that electroneutrality is maintained on both sides of the 
membrane. This electroneutrality is maintained either by 
coupling of the Na+ and K+ movement to anions such as Cl“ 
or by exchange for H+. But a recent study (Howard and 
Wondergem, 1987), using mouse liver slices, demonstrated 
that the hepatocyte transmembrane potential (Vn) varies 
with osmotic stress and Vm responds like an osmometer.
This has been confirmed (Graf et al., 1988) using isolated 
mouse liver cells. These shifts in Vn were linked to 
osmotically-sensitive variations in membrane K+ 
conductance (Howard and Wondergem, 1987; Graf et al.,
1988; Wang and Wondergem, unpublished observations). 
Nonetheless, it is not known if these osmotic variations 
in Vm played any role in cell volume control. Using
current-damp techniques in hepatocyte cultures 
demonstrate that changes in intracellular Cl~ activity 
result directly from changes in vn (Graf et al., 1987). 
Depolarization of hepatocyte Vn increases intracellular 
Cl", whereas hyperpolarization of hepatocyte Vra decreases 
intracellular Cl" (Graf et al., 1987). Transmembrane 
fluxes of cations can follow by separate channels to 
maintain bulk electroneutrolity within the cells. These 
cations can be either Na+, since intracellular K* activity 
remains relatively constant during hyposmotic stress 
(Howard and Wondergem, 1987), or can be K+ as suggested by 
Haussinger et al. (1990). So, electroneutral membrane ion 
exchange mechanisms which apply to many cell types do not 
occur in hepatocytes since there are dramatic changes in 
transmembrane potential (Vm) during osmotic stress. Thus, 
electroneutrality applies only to bulk translocation of 
ions between extra- and intracellular compartments. The 
variations of Vm during osmotic stress also suggest that 
electrogenic transmembrane ion fluxes play a role in 
hepatocyte volume regulation. Further study (Khalbuss, 
1988) showed that intra- and extracellular calcium, the 
calmodulin system, and microfilaments of the hepatocyte 
are involved in the increase of Vfl during hyposmotic 
stress. These two studies have raised further questions 
of whether osmotically-induced changes in hepatocyte Vm 
were critical for cell volume regulation. Valid and
9accurate techniques to measure hepatocyte volume or 
changes in their volume are required to answer this 
question.
statement_and_significance of the Problem 
The two previous studies (Howard and Wondergem, 1987; 
Khalbuss, 1988) have raised many questions:
Xa. Does variation in Vm with osmotic stress play a 
role in hepatocyte volume regulation? Does the time 
course for changes in Vm during osmotic stress match the 
time course for changes in hepatocyte volume?
2. Does reduction of non-ionic substances, such as 
sucrose, in extracellular medium induce increases in 
hepatocyte Vm as has been observed by reducing NaCl in 
medium?
3*. Does barium (a K+-channel blocker), which inhibits 
increase in Vm during hyposmotic stress, inhibit the 
mechanism of hepatocyte volume regulatory decrease (RVD)?
Does inhibition of cell Ca2+ influx, which inhibits 
increase in Vm during hyposmotic stress (Khalbuss, 1988), 
inhibit hepatocyte volume regulation?
JL. Does Ca2+-ionophore affect the increases in 
hepatocyte Vm during hyposmotic stress?
Answers for these questions are unknown, and in order 
to answer these important questions, a valid and reliable 
technique to measure continuous changes in hepatocyte
10
volume should be developed. To accomplish this an 
electrophysiological technique has been adopted (Reuss, 
1985; Cotton et al., 1989) to measure change in hepatocyte 
water volume.
Methods Used to Determine Cell Volume In Vitro
Reviewed below, briefly, are some of the methods that 
either are used or could be used to investigate regulation 
of the cell volume in hepatocytes.
Measurement of tissue total water content, which after 
correction is made for extracellular water, will result in 
the cellular water content. This method has been applied 
in many cell types including hepatocytes (Ballatori et 
al., 1988; Howard and Wondergem, 1987; Bakker-Grunwald, 
1983; Parsons and Rossum, 1962). This technique in many 
cases depends on the assumption that the fraction of 
extracellular water remains relatively constant, during 
volume changes. However, Jones et al. (1973) showed, in 
smooth muscle, that cellular water content increased at 
the expense of extracellular water, and the total tissue 
water content remained relatively constant. However, cell 
swelling also was observed by electron microscopy. This 
technique also requires an extracellular marker to 
determine the extracellular volume of the tissue. 
Unfortunately, the ideal extracellular marker has not been 
discovered yet, and inulin, which is used widely for that
11
purpose, enters the cellular water space in many tissues 
including the liver (Mclver and MacKnight, 1974), 
presumably by pinocytosis/endocytosis. Finally, even if 
it is possible to avoid or minimize these problems in 
determining the cellular water content of hepatocytes, 
this technique demonstrates steady-state volume. It will 
not show the time course of volume regulation during 
osmotic stress of cells, which is important in this 
proposed study.
Microscopic techniques have been used widely to 
determine the cell volume and the changes in cell volume 
in many cell types either during incubation or after 
fixation. An advanced computerized microscope-video- 
camera technique has been introduced recently in studying 
some volume regulation mechanisms in the epithelial cells 
of gallbladder and isolated renal tubules (Persson and 
Spring, 1982; Spring and Hope, 1979). All these 
techniques assume that in two-dimensional analysis area is 
a function of volume, which remains constant, but they do 
not measure the volume itself. Some of these techniques 
are expensive, and some of them have restrictions due to 
the optical properties of the preparation. Also, they 
allow measurements only every 6 sec in the epithelial cell 
of Hecturus gallbladder (Reuss, 1985), and this places a 
lower limit on time resolution.
A limitation in using cell sorter technology
(Corasanti et al., 1990) to determine the absolute volume 
or the absolute surface area of hepatocytes, particularly 
after fixation (Israel et al., 1981), may be inaccuracies 
due to the fact that the hepatocytes in animals are not 
uniform cell sizes. Instead they are heterogenous 
populations of cells because of polypoidy. In the mouse 
hepatocyte the DNA content ranges from 2N to 16N 
(Carriere, 1969). So measuring the changes in volume, and 
not the volume itself, of hepatocytes would be more 
feasible and reliable in such studies.
The electrophysiologic technique to measure changes in 
cell volume has several advantages. It shows the time 
course of volume regulation, independent of the optical 
characteristics of the preparation. It is also relatively 
inexpensive. This technique depends on recording ion 
activity by ion-sensitive microelectrodes. It is assumed 
here that the ion distributes evenly throughout the total 
cell water and that changes in ion activity reflect the 
changes in cell water volume. This technique has been 
used by Zeuthen, (1982) using native ions such as Na* and 
Cl". Recently (Reuss, 1985; Cotton et al., 1989) it has 
been shown that the changes in tetramethylammonium (TMA*) 
in cells loaded with TMA* are valid and reliable 
measurements of the changes in cell water volume in 
Necturus maculosus gallbladder. The measurements that 
were obtained using this technique were in agreement with
those obtained previously by advanced optical techniques 
(Persson and Spring, 1982). This technique depends on 
loading cells with tetramethy1ammonium (TMA+) during a 
transient exposure to nystatin. TMA+ is an impermeable 
organic cation that can be measured accurately by ion- 
selective microelectrodes. Nystatin is a known pore- 
forming, polyene antibiotic. After the cells are loaded 
with impermeant TMA+, changes in the intracellular 
activity of the TMA+ should be an inverse function of the 
change in cell water volume. To establish this new 
technique in the liver cells and to determine the criteria 
for its use, some conditions should be fulfilled:
1. Nystatin should affect the hepatocyte membranes by 
forming cation selective pores that allow the cells to be 
loaded with TMA*. This effect should be reversible by 
washing out nystatin.
2. Loading the hepatocytes with TMA+ should not affect 
their electrical properties, particularly those related to 
osmotic stress.
3. The intracellular TMA+ activity in hepatocytes 
should remain constant for a finite period to study 
changes of its activity during osmotic stress.
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Xenobiotics* Metabolism and Intracellular TMA* 
Activity in Hepatocytes Loaded with TMA*
The anatomical position and the structure of the liver 
is particularly advantageous in detoxifying foreign 
substances such as drugs, ethanol, or nicotine 
(xenobiotics). The blood from the intestine, via the 
portal vein, passes through the liver prior to the 
systemic circulation.■ This allows the liver to remove, 
decrease, or prevent distribution of harmful chemicals to 
other organs. On the other hand, the unique structure of 
the liver allows chemicals in plasma to be in direct 
contact with hepatocytes without separation by vascular 
tissue as in other organs. The liver has enzyme systems 
that facilitate metabolism of and thus dispose of 
xenobiotics, particularly lipophilic compounds that must 
be converted to polar compounds to be transported into the 
urine or bile.
A previous study showed that tetramethylammonium 
(TMA+) is impermeable to the membrane of gallbladder 
epithelial cells (Reuss, 1985). The intracellular TMA+ 
activity (a'^) remains constant over 3 hr in TMA+-loaded 
epithelial cells of Necturus gallbladder. This indicates 
that no metabolism or transport of TMA+ occurs for at 
least for 3 hr (Reuss, 1985). TMA* has been shown also to 
be impermeable to the membranes of human and sheep 
erythrocytes (Joiner and Lauf, 1978). on the other hand,
TMA+ is a foreign, organic ion, and one of several known 
quaternary ammonium compounds. It is possible that 
hepatocytes may deal with it as a xenobiotic. The 
excretion of some quaternary ammonium compounds by the 
liver is well known. For example, Meijer et al. (1972) 
demonstrated that after injection of d-tubocurarine (one 
of many quaternary ammonium compounds), the concentration 
of this compound in the bile exceeded significantly the 
concentration in the hepatocyte cytosol and plasma*
Further studies (Weltering et al., 1975; 1977) have shown 
that after 15 min of administration of d-tubocurarine, it 
is concentrated in lysosome-like bodies inside 
hepatocytes. There is no evidence (at least to my 
knowledge) that hepatocytes have mechanisms for 
metabolism, excretion, or transport of TMA+. But this 
dissertation will address this possibility (see: Results
and Discussion).
Transmembrane Potential fVml_and Its Role in Liver Cells 
Electrolytes have polarity, and because of this 
polarity they do not dissolve well in the bilayer lipid 
membranes. They employ channels or specific transport 
systems to move across the cell membranes. Gradients of 
ions exist across cell membranes, due to the selectivity 
of the membrane and to the different ion pumps, ion 
symports, and ion antiports that govern the movements of
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these ions. The diffusion of the ions nay set up 
electrical potentials across the nembrane (transmembrane 
potentials). The concentration gradients are considered 
the source of energy for these potentials. For a single 
ion the electrochemical potential across a membrane can be 
calculated by the Nernst equation:
E,„n - (RT/zF) in (a°,„ / a',on) 
where E,on is the value of membrane potential at which the 
ion is in equilibrium (Nernst potential), a°1on, and a'1on 
are the ion activities on the two sides of the membrane, R 
is the gas constant, T is the temperature in degree Kelvin 
(the absolute temperature), z is the valency, and F is the 
Faraday constant.
The ion movements across the membrane by channels 
(conductive flux = Jlon) are influenced by the ion 
electrochemical potential (E1on) and by the transmembrane 
potential (Vm) . The magnitude of ion fluxes can be 
calculated by the equation:
l^on ** 9ion (^m "" E 1on)/E 
where the g|0n is the conductance of that ion. But the
membrane at steady-state condition usually has open
conductance channels for several ions (K+, Na+, Cl",
Caz+,.... etc.). Thus, membrane potential (Vm) can be
calculated by the equation:
V m *  ( 9 k  E K+ 9na E «a+ 9ci E C1+ * • *+ I ptinp)/ 9 m  
where gfl is the membrane conductance, which is the sum of
all individual ion conductance (g,on = gK + gHs + gcl +..), 
and Ipump is the Na+/K* pump current. In liver cells, C1‘ 
is passively distributed {Ecl = Vm) in steady-state 
conditions (Clart and Hazet, 1972; Lyall et al., 1987;
Graf et al., 1987). Furthermore, the pump current (Ipimp) 
of NaVK+ pump and gNa make a relatively small 
contribution. Thus, Vn in hepatocytes is largely 
determined by gK and EK (Graf et al., 1988).
The transmembrane potential (Vm) of the cell is an 
energy force for ionic movement across the cell membrane 
(Armstrong and Garcia-Diaz, 1981). Hepatocyte Vm has been 
shown to change during various physiological and metabolic 
conditions. For example, hepatocyte Vm decreases 
(depolarization) under the following conditions: during
fasting (Fitz and Scharschmidt, 1987), in fetal mice as 
compared with maternal mice (Chapman and Wondergem, 1984), 
in female as compared with male rats (Weisiger and Fitz, 
1988), during decreasing temperature (Wondergem and 
Castillo, 1986), during insulin exposure (Wondergem,
1983), during exposure to hyperosmotic stress (Howard and 
Wondergem, 1987), and initially during alanine exposure 
(Fitz and Scharschmidt, 1987). On the other hand, 
increases in hepatocyte Vm (hyperpolarization) have been 
observed during increases in temperature (Wondergem and 
Castillo, 1986), during exposure to hyposmotic stress 
(Howard and Wondergem, 1987), during exposure to
18
epinephrine (Graf and Petersen, 1978) and to glucagon 
(Fitz and Scharschmidt, 1987), and during alanine exposure 
after the initial depolarization (Fitz and Scharschmidt,
1987).
Replacement of Na+ in external media by K+ causes 
hepatocyte swelling (Mazet et al., 1974). . The high 
external K+ decreases EK and this causes depolarization of 
the hepatocytes. Since in hepatocytes EC1 » Vm, the 
depolarization of hepatocytes results in Cl" influx and 
increase in intracellular Cl" concentration (Graf et al.,
1988). So the possible explanation of this swelling is 
that the increase in external K* causes a decrease the 
electrochemical K* gradient. Therefore, depolarization of 
hepatocyte Vm occurs. The depolarization causes Cl" 
influx, which results in accumulation of KC1 and cell 
swelling (Graf et al., 1988). with the same logical 
sequence, increases in Cl" efflux, by external Cl" 
substitution with gluconate results in shrinkage of 
hepatocytes (Graf et al., 1988). In this study it was 
demonstrated that increases in hepatocyte Vn during 
hyposmotic stress provides electromotive force for 
hepatocyte volume regulation, probably by increasing Cl" 
efflux (see discussion).
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Nvstatin Effects on Ion Movement Across the Cell Membrane 
Ion movements across the cell membrane are important 
in regard to osmotic control and cell volume regulation, 
as well as in regard to basic regulation of metabolic 
function of the cells. Great advances have been made by 
the introduction of artificial phospholipid-bilayer 
membranes, which enable the study of principles governing 
the ion transport. The study of ion transport 
characteristics depend on using pore-forming agents such 
as nystatin or amphotericin B (Moreno-Bello et al., 1988; 
Kleinberg and Finkelstein, 1984; Holz, 1974), or carrier­
like antibiotic agents such as valinomycin (Lauger, 1972).
Nystatin and amphotericin B are organic, polyene 
antibiotics used as antifungal agents (Carven, 1982).
Their antifungal activity is due to their ability to bind 
to sterol in plasma membranes of fungi and make them leaky 
by increasing conductance of ions, flux of water and small 
solutes. Thus, they kill the cells. Nystatin and 
amphotericin B in micromolar concentrations cause cell 
lysis, but adding sucrose to a normal saline medium 
protects the cells from lysis (Cass and Dalmark, 1973). 
These experiments suggest that nystatin and amphotericin B 
induce cell lysis because these antibiotics bind sterol in 
cell membranes and create pores. These pores have been 
shown to be of two types, depending on whether nystatin or 
amphotericin B is added to one-side or to two-sides of a
membrane. The one-sided pore is a single-Xength channel, 
and the two sided pore is a double-length channel. They 
are structurally similar, but they differ in length by a 
factor of two, and in selective conductance. A single­
length channel is formed by eight to ten molecules 
arranged circumferentially as a stave (Finkelstein and 
Holz, 1973). The single-length pores create mono-valence 
cation-selective conductances, and the double length 
channels create mono-valence anion-selective conductances 
(Kleinberg and Finkelestein, 1984; Marty and Finkelstein, 
1975). In exposing intact cells to nystatin, as was done 
in this study, it is assumed single-length channels form 
that allow Na+, K*, and 5-carbon sugars to pass through, 
but not glucose or sucrose (Finkelstein, 1984).
Therefore, they have been shown to be useful tools in the 
study of cell volume regulation in human erythrocytes 
(Freedman and Hoffman, 1979), in HeLa cells (Ikehara et 
al., 1986), in turtle colon (Dawson et al., 1988), and 
epithelia of Necturus gallbladder (Reuss, 1985; Cotton et 
al., 1989). The only study that has been done on polyene 
antibiotic and liver cells is by Wilfred and Selvakumar 
(1983) in which it was shown that nystatin, by an unknown 
mechanism, increases hepatic alkaline phosphatase 
activity, and there is no study regarding electrical 
activity and the liver cell. Since nystatin was needed to
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load hepatocytes with TMA+, the ef£ect of nystatin on the 
electrical properties of hepatocytes was studied.
Potassium and Hepatocyte Volume Regulation;
Ca2*-Activated K^-Channels and Stretch-Activated Channels 
Potassium is a universal element of animal or plant 
cells (Lubin, 1964). Thus, it is involved in several 
cellular physiological functions. For example, in liver 
cells, an increase in K* efflux has been observed during 
glycogenolysis, exposure to epinephrine, glucagon, steroid 
and norepinephrine stress, and acute diseases (Shoemaker 
and Elwyn, 1969). Potassium also affects cell translation 
of mRNA (Horowitz and Lau, 1988). It is critical for 
protein synthesis (Lau et al., 1988), and it is involved 
in cell volume regulation of red blood cells (Cala, 1983), 
of Ehrlich ascites tumor cells (Hendil and Hoffmann,
1974), and of hepatocytes (Claret, 1979; Berthon et al., 
1980; Bakker-Grunwald, 1983; Haussinger et al., 1990).
When cells are exposed to osmotic stress, there is 
generally an initial water movement followed by an 
adjustment phase for total solute content. The latter is 
important regarding volume control. Potassium is the 
predominant intracellular cation and is relatively 
permeable. Thus, any mechanism involving changes in 
intracellular solute concentration is assumed to involve 
K+ flux across the cell membrane. Volume regulation in
several cell types (for review see: Siebens, 1985;
Kleinzeller and Ziyadeh, 1990), including the liver, is 
achieved mainly by K* movements across the cell membrane 
(Claret, 1979; Berthon et al., 1980; Bakker-Grunwald,
1983; Graf et al., 1988; Haussinger et al., 1990). Howard 
and Wondergem (1987) have shown that increase in Vm during 
hyposmotic stress is inhibited by quinine, which is a K+~ 
channel blocker. The inhibition of the increase in 
hepatocyte Vm during hyposmotic stress by quinine suggests 
that the hepatocyte hyperpolarization during hyposmotic 
stress is due to increase in K+ conductance (Howard and 
Wondergem, 1987; Graf et al., 1988). Barium, another K+- 
channel blocker, causes a decrease in potassium efflux in 
several epithelia (Latorre and Hiller, 1983). In mouse 
hepatocytes it depolarizes Vm (Wondergem and Castillo,
1988). In rat hepatocytes it causes net increase in K+ 
influx (Graf et al., 1988). It is assumed that this 
happens by plugging K+-selective channels, which decreases 
K+ efflux (Armstrong and Taylor, 1980; Armstrong et al., 
1982).
Quinidine is more effective in blocking K+-channels 
than barium, since quinidine, and not barium, inhibits the 
decreases in Vfl that have been observed during exposure of 
kidney cells to hypotonic solution (Ubl et al., 1988).
The reason barium was chosen for this studies (below), and 
not quinine or quinidine, is that barium does not
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interfere with K+-selective electrodes (Wondergem, 
unpublished data). On the other hand, quinidine has been 
shown to be not only a K+-channel blocker, but it also may 
modulate ion conductances other than K+ (Volk et al.,
1987).
Gardes (1958) was the first who demonstrated that cell 
calcium regulates K* flux in human erythrocytes. Later, 
it was shown that precisely-timed changes in potassium 
permeability and changes in cell transmembrane potential 
mediate several important physiological processes in 
eukaryotic cells, such as signal and neuron transmission, 
cardiac pacemaker cells, airway epithelia, and secretion 
mechanisms of exocrine and endocrine cells (Pershadsingh 
et al., 1986). It is possible that the activation of K+- 
channels by Ca2+ links cell metabolism to K+ membrane 
conductance (Meech, 1978).
Ca2+-activated K*-channels refers to a sub-type of 
potassium channels, found in several cell types, where the 
K+ permeability rises due to increase in intracellular 
calcium. This type of channel was first discovered in 
erythrocytes (Gardos, 1958; Schwarz and Passow, 1983), 
although the physiological significance of these channels 
is not known. They also have been found in a variety of 
cell types, including guinea-pig hepatocytes (Haylett, 
1976; Weiss et al., 1978; Burgess et al., 1981). Quinine 
has been suggested to selectively block Ca2+-activated X*-
channels in several cell types (Foskett and Spring, 1985; 
Germann et al., 1986; Jenkinson et al., 1983). There is 
recent evidence that such channels exist in rat 
hepatocytes (Bear and Peterson, 1987). Inhibition of 
increased hepatocyte Vm by quinine (Howard and Wondergem, 
1987) and by different agents that interfere with 
hepatocytes' calcium homeostasis (Khalbuss, 1988), and 
results in this study regarding verapamil (a Ca2+-channel 
blocker) and EGTA (Ca2+-chelator) suggest highly that 
mouse hepatocytes also possess this type of Caz+ activated 
K^-channels. Further work to explore this possibility is 
required.
Stretch-activated channels refer to channels that are 
activated by direct application of pressure using patch- 
damp technique, swelling of cells has been shown to 
activate these channels in some epithelia. In kidney 
tubule cells these channels are K+-selective( Sackin,
1987). In Xenonus these channels are cation non-selective 
and are inhibited by gadolinium (Yang and Sachs, 1989).
In choroid plexus these channels are cation non-selective, 
permeable to Na+, K+, and Ca2+ (Christensen, 1987). In the 
latter study, Christensen suggested that activation of 
these channels also indirectly promotes RVD by increasing 
entry and intracellular activity of Ca2*. This Ca2+ 
activates K* efflux and hence, RVD. A recent study (Bear, 
1990) has shown that rat hepatocytes have similar cation
nonselective stretch-activated channels, and Ca2+ influx 
is involved in RVD in rat hepatocytes. The data in the 
present study, concerning involvement of cell Ca2+ in 
volume regulation of mouse hepatocytes during hyposmotic 
stress, suggest possible existence of similar channels in 
. mouse hepatocytes.
CHAPTER 2 
Methods
Liver Slice Preparation. Maintenance. 
and Temperature Control 
Adult, male mice of ICR strain were fasted 18-24 hr 
before experiments, since hepatocyte Vm changes during 
fasting compared to non-fasting animals (Fitz and 
Scharschmidt, 1987). Mice were killed by cervical 
dislocation, and the left-lateral or median lobe of the 
liver was removed quickly and placed on gauze moistened 
with 0.9% NaCl. A glass microscope slide was pressed 
gently onto the lobe to keep it from moving while it was 
sliced using a razor blade clamped in a hemostat. A slice 
of -1 mm thickness and of -5 x 5 mm surface area was 
placed into a tissue slice chamber (BSC-HT, Medical System 
Co., Greenvale, NY). The liver slice was held in place by 
a small steel washer to insure that microelectrode 
impalements were always of cells on the encapsulated, 
uncut surface of the slice. The rate of passing medium 
through the chamber was 12-15 ml/min. It takes' less than 
0.25 ml to flood the tissue bath. Temperature of the 
liver slice was maintained at 37 ± 0.2*C, because changes 
in temperature alter hepatocyte Vm (Wondergem and 
Castillo, 1986). A diagram of the tissue slice chamber,
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microelectrodes, and electrical recording equipment is 
shown in Fig. 1.
Solutions and Control of Osmolality 
Physiological salt solution (modified Krebs medium)
(P.S.S.) comprised (in mM): 52.5 NaCl, 4.7 KC1, 2.56
CaCl2, 1.3 MgCl2, 25 NaHC03, 1.15 NaHzP04, 2.8 glucose, 103 
sucrose, 4.9 Na-pyruvate, 4.9 Na-glutamate, 2.7 Na- 
fumarate and was equilibrated with 95% Oz-5% C0Z. Hypo- 
and hyperosmotic solutions for inducing osmotic stress 
were prepared by reducing or increasing medium sucrose 
concentrations, respectively. The osmolality of the 
solutions was measured before the experiments with an 
osmometer based on the principle of freezing point 
depression (Precision Systems, Inc., Natick, MA). Various 
experimental solutions were prepared as follows: Caz+-
free medium was prepared by omission of 2.56 mM CaCl2. 
Verapamil (Sigma) at 50 /iM and A23187 (Calbiochem) at
0.25-1 MM were dissolved in 0.08% dimethyl sulfoxide 
(DMSO), EGTA (ethyleneglycol-bis(0-aminoethylether)-N,N'- 
tetraacetic acid) at 5 mM, BaClz at 2 mM. All agents or 
conditions were applied to both isosmotic and hyposmotic 
solution, and liver slices were exposed to these drugs or 
conditions with isosmotic solutions for 15-30 min and then 
during hyposmotic stress. A rotary distribution valve 
(Rainin Instrument Co. Inc., Noburn, MA) has been used
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Fig. 1.• Schematic diagram of experimental procedure.
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to switch between solutions. The delay between the switch 
time and the solution reaching tissue bath was determined 
to be 45 sec. This delay was considered in Vn and V)on 
time measurements.
Loading Hepatocytes with.TMA*
TMA*-containing solution was made by replacing 20-50 
mM of NaCl in medium with an isomolar concentration of TMA 
chloride. Nystatin (Sigma) at 45-180 U/ml or amphotericin 
B (Sigma) at 20 jiM was dissolved fresh before each 
experiment in 0.08% dimethyl sulfoxide (DMSO) and was 
added to .the TMA* solution. DMSO at concentrations used 
in these experiments and in verapamil experiments has no 
effect on electrophysiology in epithelia (Foskett and 
Spring, 1985). Nonetheless, equal amounts of DMSO were 
added to control and experimental solutions. Liver slices 
were exposed to nystatin plus TMA+ for 8-10 min to load 
hepatocytes with TMA*. Then nystatin was washed from the 
slices for 40-60 min with TMA*-containing solution.
Construction of Microelectrodes 
Microfilament capillary glass (1.2 mm O.D., 0.68 mm
I.D., A-M Systems, Inc., Everett, NA) was cleaned first by 
boiling for 15 min in 500 ml of distilled water plus 3 
drops of liquid detergent (Liquinox) (Garcia-Diaz and 
Armstrong, 1980). These were rinsed for 1 hr in tap
water, boiled again for 15 min in distilled water, and 
finally dried overnight at 90*C in a forced air oven. 
Single-barreled microelectrodes were drawn from these 
capillaries using a horizontal puller (Industrial Sci. 
Assoc., Ridgewood, NY). The microelectrodes were filled 
with 0.5 M KC1 and had tip resistances in physiological 
medium of 10-30 M n and tip diameters of -0.5 /im as 
determined by scanning electron microscopy (Wang, 1989). 
The microelectrodes were connected by Ag/AgCl half-cells 
to a high input impedance (>10w n) preamplifier with unit 
gain (515L Analogue Devices, Norwood, MA). Reference 
electrodes consisted of an Ag/AgCl half-cell connected to 
the tissue chamber by an agar (4% in physiological medium) 
bridge. Voltages were recorded by a digital voltmeter 
(Keithly), an oscilloscope (Tektronix) and a rectilinear 
chart recorder (Linea Recorder, Graphic Corp., Japan).
Double-barreled ion-selective microelectrodes were 
prepared from fiber-filled, borosilicate double 
capillaries (1.2-mm O.D,, A-M Systems, Everett, WA), which 
were cleaned as described above. These were pulled by 
using a vertical puller (700D, David Kopf Instruments, 
Tujunga, CA), and the tip diameters were -l /im as 
determined by scanning electron microscopy (Wang, 1989). 
K+-selective exchanger (Corning 477317, Corning Medical, 
Medfield, Ma.) was used to determine the intracellular 
TMA+ activity (a’THA). This exchanger is more selective to
quaternary ammonium ions such as TMA* than to K*, and it
»
calibrates as a Nemstian electrode for these ions (Neher 
and Lux, 1973). Microelectrode tips were made hydrophobic 
by filling one barrel with a 1-mm column of 
hexamethyldisilazane (HMDS, Sigma). The reference barrel 
was filled first with a 1-mm column of distilled water. 
These were dried either by a hot air blower for at least 
60 min or for 12 hr at 110 *c in a forced-air oven. The 
tip of the silanized barrel was filled with a 1-mm column 
of K*-exchanger and was backfilled with 0.5 M KC1. The 
reference barrel was filled with 1 M Na-formate.
Calibration of TMA*-Selectlve Microelectrode 
TMA*-selective microelectrodes were calibrated at room 
temperature, since calibration curves do not vary between 
22 °C and 37 °C (Edelman et al., 1978), in TMA+ solutions 
whose concentrations covered the expected range of a*THA 
for hepatocytes loaded with TMA*. These solutions 
comprised 25, 10, 2.5, and 1 mM TMA chloride, plus 125 mM 
KCl in each solution. TMA* activities in these 
calibration solutions were computed according to the 
Debye-Huckel equation as modified by Armstrong et al.
(1973) and according to data of Conway (1969). The 
average slope of electrode voltage vs. TMA* for all 
experiments was 64 ± 2.1 (SE, n = 23). Intracellular TMA* 
activity was computed by direct interpolation solving for:
a* B 10tv ■ v “v >/s ma  THA ■L U  TKA o in I 1 )
where a'THA = intracellular TMA+ activity, VTHA = 
intracellular voltage of the TMA*-selective 
micro electrode, V0 - voltage at the intercept of the 
calibration curve, Vra = transmembrane potential, S = slope 
of the calibration curve.
Cotton et al. (1989) showed that the TMA+-sensitive 
electrode has a selectivity ratio for TMA+/K* » i o q, and 
for TMA+/Na+ = 100 to 10,000. Calibration of TMA+- 
sensitive electrodes with varying KC1 concentration, 75, 
100, 125, 150 mM, has shown no significant difference in 
the calculated slope for these electrodes and has 
demonstrated the electrode's selectivity for TMA+ over K*. 
A representative calibration curve for a TMA* electrode 
demonstrated the electrode's selectivity for TMA* over K+ 
(Fig. 2). Barium (Wondergem and Castillo, unpublished 
data) and verapamil (Fig. 3) do not interfere with In­
sensitive microelectrode.
Criteria for Valid Impalements 
Criteria for valid impalements with open-tip or TMA+- 
selective microelectrodes were: (l) rapid deflection of
the voltage trace on advancing a microelectrode into the 
tissue, (2) an intracellular voltage recording that was 
stable within 2 mV for at least 10 sec, (3) return of the
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Fig. 2. Effect of K* on the calibration of a TMA*- 
sensitive microelectrode. Voltage of the TMA*-sensitive 
microelectrode is plotted vs. log10 of THA* activity. The 
calibration plots are those obtained from one double- 
barreled TMA -sensitive microelectrode in the presence of 
0, 75| or 125 mM KCI. The average slope of the three 
plots is 61 ± 1.4 mV/tenfold change in a nu*
(m
V)
34
60
44
28
2
4
-20
•  TMA* 
O TMA* + 
V erapam il
0.1 1 10 1 0 0
® t m a * ( m M )
Fig. 3. Effect of Verapamil (50 pH) on the calibration of 
a TMA*-sensitive microelectrode. Voltage of the TMA*- 
sensitive microelectrode is plotted vs. log10 of TMA* 
activity. The calibration plots are those obtained from 
one double-barreled TMA*-sensitive microelectrode in the 
presence of 125 mM KCI.
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voltage trace to within 2 mV of baseline when a 
microelectrode was withdrawn, and (4) resting Vm for 
control measurements £ -20 mV.
Criteria for Effective Loading and Measurement 
of TMA* in Hepatocytes 
An electrophysiological technique to measure change in 
cell volume (Reuss, 1985; Cotton et al., 1989) requires 
that certain criteria be met. For application to the 
liver we established that: (1) nystatin must form a non-
selective cation pore in the hepatocyte plasma membrane to 
load cells with TMA4, which must be reversible; (2) 
loading hepatocytes with TMA4 must not permanently alter 
transmembrane voltage (Vn) of the hepatocyte plasma 
membrane; and (3) the a*THA in hepatocytes loaded with TMA4 
must remain constant for a minimum period to measure 
accurately changes in a'THA due to transmembrane water 
flux. This minimum period proved to be 4 min (see 
Results).
Computation of the Change in Cell Volume 
Based on Change in Cell a1^
Change in cell volume based on TMA4 measurements is 
computed by Cotton et al. (1989) to be:
AVt - Vt - V, - v„ [ ( a ' m V f a 1™), - 1] (2)
where AVt - change in cell water volume at time (t), V0 =
initial cell water volume, (a'lHAlo " intracellular TMA+ 
activity at time zero, (a1THA)t = intracellular TMA+ 
activity at time t. Nonetheless, mouse hepatocytes have a 
large range of initial volumes due to their polyploid 
nuclei, which range from 2n - 16n (Carriers, 1969)* 
Consequently, an initial cell volume was not assigned to 
serve as a reference for all measurements and comparisons. 
Instead, a comparison was conducted of ratios of 
(a\HA)o/(a1THA)4min measured under control conditions with 
ratios obtained under experimental conditions, where 
(a11HA)0 « intracellular TMA+ activity at time zero, and 
(a*THA) 4min = intracellular TMA+ activity 4 min after onset 
of osmotic stress. Four minutes proved to be the maximum 
period that a*m  remained constant without decrement 
during a single, continuous measurement, control and 
experimental measurements were made in the same liver 
slices. Results are expressed as means ± SE. Analysis of 
variance was applied to test significant differences, p < 
0.05. Linear regression and correlation coefficients were 
determined by the least squares computation.
Theory Supporting the Electrophvsiological 
Technique Used in This Study 
The transmembrane potential (Vm) of the cell is 
considered to be an energy force for ionic movement across 
the cell membrane (Armstrong and Garcia-Diaz, 1981).
Using microelectrodes to measure cell Vm was made possible 
first by Ling and Gerard (1949) who invented the 
microelectrode with a tip diameter less than one micron. 
Later, Caldwell (1964) was first to use an intracellular 
pH-sensitive glass electrode. A microelectrode is a 
raicropipette that is filled with an electrolyte solution 
and used for cell recording. It functions as a micro 
salt-bridge that allows the transfer of ions from one half 
cell to the other. The principle of intracellular 
transmembrane potential recording by glass microelectrodes 
depends on measuring the potential differences between two 
reversible electrochemical half-cells: one is provided by
the microelectrode which forms a bridge across the plasma 
membrane to make direct contact with intracellular fluid 
(cytoplasm), and the other half-cell is provided by an 
electrode that has direct or indirect contact with an 
extracellular fluid, which is the tissue bath medium.
The apparent resting cell Vfl is the potential 
difference between that measured while the electrode is 
inside the cell and that outside the cell. But in reality 
this may not be the case due to several factors that may 
interfere with the measurements. For example, the 
microelectrode may cause injury or damage to the cell 
membrane, which may be one source of error in recording 
cell V,,,. One way to minimize the damage is by reducing 
the diameter of the electrode tip. It is well known that
as the tip diameter is increased of the electrode, the tip 
resistance is reduced, and the measurement of a given cell 
Vm will be less, due to occurrence of leakage current 
around the electrode tip. in the current experiments, a 
series of current pulses of 0.5 or 0.05 nanoamperes were 
injected through the microelectrode in order to assess the 
microelectrode input resistance. Calculation of the tip 
resistance can be done, according to ohm's law (V « I x R) 
by measuring the voltage drop across the tip during 
current pulse, then by dividing this voltage by either 0.5 
or 0.05 nA. This study aimed to use microelectrodes with 
tip resistance between 10 to 20 megohms, because at this 
resistance there is a more stable measurement, because the 
tip potential is less likely to change during the 
impalement.
Another source of error is that the separation of 
charges in microelectrode systems causes potentials that 
may interfere in recording the absolute transmembrane 
potential of the cell: the junction potential or liquid
junction potential and the tip potential. The liquid 
junction potential occurs if diffusing ions have different 
transference numbers at liquid boundaries. In the two 
half-cells system, there are two liquid junction
potentials: one at the reference electrode and
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extracellular medium fluid, and the other between the 
microelectrode and intracellular fluid. The latter can
not be measured and introduces an uncertain error in 
measuring Vm. Using appropriate filling solution for 
microelectrodes such that the mobilities of the cation and 
the anion are about the same (for example KCl used in this 
study), would reduces the liquid junction potential to a 
few millivolts (Thomas, 1978). Thus, a trivial error in 
measurement from this source has occcured. However, the 
uncertainty in estimating intracellular junction 
potentials ranges from a few tenths of a mV to 
1-2 mV (Armstrong and Garicia-Diaz, 1981). Hence, it is 
important and more accurate if control and experimental 
measurements are accomplished during the course of a 
single impalement, rather than using multiple impalement 
measurements for control condition and comparing these 
with multiple impalements for experimental conditions. In 
this study, the switches from control (isosmotic) 
solutions to experimental (hypo- or hyperosmotic) 
solutions were done in the same impalement.
The tip potential, which is in many cases relatively 
large (30r40 mV), is the difference in potential that 
exists between an intact microelectrode (high resistance 
electrode) and a macroelectrode (low resistance electrode) 
filled with the same solution when both are put in the 
same medium (Armstrong and Garcia-Diaz, 1981). The 
magnitude can be estimated by breaking the microelectrode 
tip and recording the change in electrode voltage. Adrian
(1956) who first studied the tip potential found that it 
is sensitive to ionic composition of tissue bath medium. 
Since then, many investigators have agreed with the theory 
that tip potential is due mainly to the cation-exchanger 
characteristics of a hydrated glass surface of the 
microelectrode. According to this theory, the hydrated 
glass surface of the electrode contains fixed anionic 
groups that have some selectivity for cations. Thus the 
mobilities of these selective cations are differ from 
those in bulk solution and this causes a charge separation 
(tip potential). The tip potential may change during the 
experiment. Therefore, one criterion for a valid 
impalement is that the return of the voltage trace should 
be to within 2 mV of baseline when a microelectrode is 
withdrawn. It is assumed that the tip potential does not 
change inside the cell.
Chlorided silver wire (Ag/AgCl) provides a connection 
between the microelectrode-filling solution and the wire 
leading to the amplifier input. A stable potential 
recording depends on the reversible reaction between the 
chloride ions in solution and the AgCl which prevents 
building up of any charge on the electrode or electrode 
polarization. Choosing chloride and silver makes them in 
equilibrium with silver electrode. So any changes in 
electrode charge or the concentration of the half-cell 
will result in corresponding changes in the concentration
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of the half-cell or the electrode, respectively, to 
maintain the equilibrium state.
Ion-sensitive microelectrodes measure the potential 
differences across an ion permeable membrane (Vton) that 
separates two aqueous solutions. The permeable selective 
membrane could be a thin wall of ion-selective glass, or 
what is commonly used is liquid ion-specific exchanger, 
which is a droplet of ion-exchanging liquid (Armstrong and 
Garcia-Diaz, 1980). The electric potential across the tip 
of an ideal ion-sensitive microelectrode varies with the 
logarithm of ion activity of the specific ion in solution.
Ion activity refers to the part of solution that is 
active in terms of ionic strength. Mutual electrostatic 
attraction between anions and cations causes restriction 
of mobility for a part of a given concentration. Ions at 
infinite dilution are fully dissociated (active) and the 
more concentrated the solution the more ions become 
inactive.For example, in a 0.1 M MaCl solution there is 
about 22 % of Na+- and Cl- ion in inactive associated form 
(Thomas, 1978). This varies with ion concentration.
Ion activity measurements are more significant 
physiologically and biochemically in terms of 
transmembrane potential (Thomas, 1978). Moreover, only 
ions in active form are free to react to the ion exchanger 
resulting in a potential difference (V1tm).
Ion-sensitive microelectrodes enable recording and
computing of ion activity in a direct, fast, and 
continuous measurement during a single impalement. The 
previous technique for intracellular ion measurements 
depended on chemical measurement, such as the atomic 
absorption technique, which requires numerous measurements 
that increase the chances of error in determining 
intracellular ion concentration. In this study TMA+- 
sensitive microelectrodes were used to record and compute 
changes in intracellular TMA* activity, and to use these 
changes as an indicator of changes in hepatocyte water 
volume during osmotic stress.
The ion-exchanger must be water insoluble and highly 
branched to prevent micelle formation. To prevent the 
aqueous salt solution from displacing the liquid ion- 
exchanger, the tip of the micropipette must be made 
hydrophobic. This can be accomplished by coating the tip 
with chloro- or alkoxyl-silanes (silanizing) which react 
with hydroxyl groups on the glass surface layer. Here the 
silicon atoms and some organic radicals replace the 
hydrogen atoms making the glass surface layer hydrophobic. 
Improper silanization can result in surface conductance or 
conductance through the glass wall which may interfere 
with the desired conductive pathway: the liquid ion-
exchanger. Surface conductance may function as a low 
resistance shunt between the aqueous salt bridge and the 
intracellular fluid which reduces the voltage reading.
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Conductance through the glass wall also occurs when the 
glass is thin and becomes hydrated. Thus, the silanol 
groups on the glass can act as cation exchanger, which may 
alter the selectivity of the microelectrode. Proper 
silanization reduces conductance by the microelectrode 
glass tip.
Although the K+-sensitive glass NAS 27-04 has been 
used by many investigators (Lee and Armstrong, 1974), the 
liquid I^-selective exchanger has become more popular.
The most widely used K*-sensitive ion exchanger is the 
Corning code 477317 exchanger which was developed first by 
Walker (1971). The K+-sensitive ion exchanger is 
selective actually for the most hydrophobic cations.
Since potassium in several cell types is the predominant 
intracellular hydrophobic cation, the ion exchanger is 
used commonly for measurement of intracellular K+ 
activities. But the K*-selective exchanger is more 
selective to quaternary ammonium ions such as TMA+ than to 
K*, and it calibrates as a Nernstian electrode for these 
ions (Neher and Lux, 1973). In this study the In­
sensitive ion exchanger was used, Corning code 477317 as 
TMA+-sensitive ion exchanger, and observation of the 
researcher confirmed those of other researchers that this 
exchanger calibrates as Nernstian electrode for the TMA+ 
ion.
Thus, the ion-exchanger functions as a functional
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membrane that is selective for a particular ion, and the 
electrochemical cell consists of two half cells: one on
the side of the solution filling the microelectrode, and 
the other on the side of cytosol. The potential that 
builds up across this exchanger due to ion diffusion is 
given by the Nernst equation (see Introduction).
But the voltage that builds up across the ion 
exchanger is the sum of the Vfl and the voltage across the 
exchanger tip. In order to compute the intracellular ion 
activities, one must subtract the cell Vm from the 
potential across the exchanger (V1on). One common way to 
accomplish this is by using two microelectrodes: one
conventional microelectrode to measure Vm, and the other 
is the ion sensitive micro electrode to measure VJon. Liver 
cells are not a homogenous population of cells due to the 
lobular zonation differences, and thus, they may have 
different electrophysiological characteristics (Henderson 
et al., 1989; Jungermann and Katz, 1989), as well as 
possible different initial cell volumes. Taking all these 
into consideration, it is advantageous to measure the Vm 
and the V1on in the same cell with a double-barreled 
t microelectrode as used in this study.
Ion-selective microelectrodes must be calibrated in 
solutions that contain the same ion with different 
concentrations covering the expected range of measurement 
of this ion. ion activities in the calibration solutions
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in this study were computed according to the Debye-Huckel 
equation as modified by Armstrong et al. (1973) and 
according to data of Conway (1969). The ion activities 
were determined from the differential voltage of VlDn - vm 
and then by direct interpolation with the equation:.
a' - 10<V " v - V >/s tA\a  Ion 10  Ion o m I 4 )
9
- * 
where a'1ot) «= intracellular ion+ activity, V,on =
intracellular voltage of the ion+-selective
microelectrode, V0 - voltage at the intercept of the
calibration curve, Vm “ transmembrane potential, s * slope
of the calibration curve. Since the solution filling the
microelectrode is at known constant concentration or
activity, any voltage build up across the ion-exchanger is
dependent upon the ion activity outside of the
microelectrode, either in the intracellular environment or
in the calibration solution.
For purpose of intracellular K+ activity measurements, 
by the K+-sensitive ion exchanger, coming code 477317, 
one must correct for change in voltage caused by 
interfering ions. The possible interfering ion in this 
case is Na+ (Thomas, 1978). To measure the magnitude of 
interference, the common method is to calculate the 
selectivity coefficient (k), from the equation:
Km - l ° (v,/s> (5)
where vi “ VK+ “ VHa* is the difference in electrode 
potentials recorded in X* and Na* solution of equal
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activity, and s is the slope of the calibration curve.
In TMA+ loaded hepatocytes, the TMA+ becomes the most 
hydrophobic cation in this compartment. The most likely 
interfering ion is M*, because the K* is in highest 
concentration of any natural hydrophobic cation in the 
intracellular compartment. To examine and exclude the
9
possible K* interference, first 125 mM KC1 were added to 
calibration solutions containing varying concentrations of 
TMA+ that covered the expected intracellular TMA+ 
concentration. The researcher chose 125 mM KC1, because 
its activity is **95 mM. This value is close to that 
reported in mouse liver slices (Chapman and Wondergem, 
1984; Wondergem and Castillo, 1986). TMA+ activities in 
these calibration solutions were computed according to the 
Debye-Huckel equation as modified by Armstrong et al.
(1973) and according to data of Conway (1969) which is 
summarized by the equation:
log « « [(- A yi)/(l + /I)) + BI (6)
where « is the activity coefficient, A « 0.512, B *■ 0.16,
I « ion strength ** 1/2 X C, Z,z (C, is the ion 
concentration, and is the valence). The second 
experiment that conducted to exclude any K+ interference 
was calibration of electrodes in solutions that contain 
TMA+ plus varying concentrations of KC1.
Another important interference that should be 
considered is from the agents added to the physiological
47
salt medium. For example, in this study, verapamil, a 
Ca2+-channel blocker, was used. Thus, it was necessary to 
examine if verapamil interferes with THA^-sensitive 
electrodes.
The potential recorded by microelectrodes can be fed 
directly to an oscilloscope or to a recorder. But using
9*
the oscilloscope or the recorder requires input currents 
in the range of one microamperes, which will cause a 
considerable error in potential measurements if a current 
of small magnitude passes through the high resistance 
microelectrode and through the cell membrane. This is why 
a preamplifier, with a high input resistance (to prevent 
current from flowing in the input circuit) is required in 
intracellular recording. A preamplifier has several 
functions: as a current amplifier, it is used to amplify
the small currents in the range of one nano-Amp. that 
passes through the microelectrode and the cell membrane.
It functions to pass the voltage signal from the 
microelectrode to the oscilloscope, it also functions to 
prevent any significant current from flowing through the 
microelectrode, and it must not draw current from the 
microelectrode when we record VM to prevent a voltage drop 
across the high resistance microelectrode. In this study, 
the microelectrodes were connected by Ag/AgCl half-cells 
to a high input impedance (>1014 n) preamplifier with unit 
gain (515L Analogue Devices, Norwood, HA).
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Due to some physical properties of the substances that 
make up the electrical circuit, there are usually some 
spontaneous fluctuations, which are referred to as 
unwanted signal or noise. This can be reduced by using 
low-oass filters.
In summary, this study used two preamplifier^ (A and
. . ♦
B), the differential amplifier, low-pass filters for both 
preamplifiers A and B, current generator, and power supply 
(see Appendix I, II, III, for circuit diagram, prepared by 
Matthew Laitinen, Electronic Engineer, Physiology 
Department, ETSU). The only major difference between the 
preamplifier A for conventional microelectrode, and 
preamplifier B for ion-sensitive microelectrode, is that 
preamplifier. A injected 0.05 or 0.5 nA intermittent 
current pulses through the microelectrodes. This was done 
during measurements to assess the quality of the 
microelectrode by calculating the tip resistance.
Using very high resistance microelectrodes requires 
extensive shielding, as well as good earth grounding to 
prevent 60 Hertz line energy, radio frequency interference 
(RFI), and static electricity interference. In this 
study, all the experiments have been done in a well 
isolated Faraday Room that provides excellent shielding 
and earth grounding.
CHAPTER 3 
Results
Effect of Nvstatin and Amphotericin B on Hepatocvte 
Transmembrane Potential fVm>
Hepatocyte vn results principally .from selective 
conductance of the sinusoidal plasma membrane to K+ 
(Wondergem and Castillo, 1986; Graf et al., 1987). Thus, 
pore-forming antibiotics were expected to increase non- 
selective, cation conductance through the membrane and 
decrease hepatocyte Vn. However, neither nystatin at 45- 
270 u/ml nor amphotericin B at 20 pH changed hepatocyte Vn 
(Figs. 4A & 4B)• Either these agents had no effect on the 
cells, or some compensatory mechanism maintained VM 
notwithstanding insertion of non-selective cation pores 
into the membrane.
It was surmised that an electrogenic Na*-K* pump in 
hepatocyte plasma membrane (Graf et al., 1987) may have 
compensated the depolarizing effects of polyene 
antibiotics. To test this, liver slices were superfused 
with ouabain (1 mM) for a minimum 10 min to allow ouabain 
binding. Then nystatin was added at 180 U/ml. The 
results in Fig. 4C show that nystatin plus ouabain 
decreased hepatocyte V,,. Results from four liver slices 
(Fig. 5) demonstrate the depolarizing effect of ouabain 
plus nystatin and its reversibility.
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Fig. 4. Effect of polyene antibiotics and ouabain on 
hepatocyte transmembrane potential (vm). A: Effect of
nystatin (270 U/ml) on hepatocyte VB. Hepatocyte Vm in 
physiologic salt solution (P.S.S.) was -30 mV. fi: Effect
of amphotericin B (20 /ig/ml) on hepatocyte Vn. Vw in 
P.S.5. was -30 mV. £: Effect of nystatin (180 U/ml) on
hepatocyte Vm measured after addition of ouabain (1 mM for 
15 min). Vm was -35 mV when nystatin was added with 
ouabain already present. It decreased to -24 raV 20 min 
after addition of nystatin. After this impalement, 
ouabain and nystatin were washed out with P.S.S. for 15 
min, and the Vm after wash was -32 i 0.7 mV (n « 6). 
Time-voltage calibration applies to all traces. Rapid 
downward deflections at the beginning of traces B & c 
indicate microelectrode impalement of cells. Intermittent 
upward voltage deflections throughout result from 0.5 nA 
of constant current to assess microelectrode input 
resistance.
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Fig. 5. Effect of nystatin {NYS; 180 U/ml) on hepatocyte 
V,,, in the presence of ouabain (1 mM). Data are averages 
of Vm obtained from four continuous impalements, each in 
different slices from 4 mice (n - 4). The combination of 
ouabain and nystatin was washed out with physiologic salt 
solution (PSS).
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To mile out that the depolarizing effects of ouabain 
plus nystatin resulted from a direct effect of ouabain on 
transmembrane ion gradients, the hepatocytes were exposed 
to ouabain (1 mM) for 30-40 min during continuous 
recording of Vn (Fig. 6). Here, ouabain reduced Vm by 
only 4 mV after 40 min.
Effect of Nvstatin on the increase in Hepatocyte 
Vm During Hvposmotic Stress 
Howard and Wondergem (1987) reported that hepatocyte 
Vm increases substantially during hyposmotic stress, and 
these increases in hepatocyte Vm result primarily from an 
increase in membrane Kf conductance. By utilizing this 
phenomenon, the researcher was able to establish further 
the effectiveness of nystatin's capability to form pores 
in the hepatocyte plasma membrane. Nystatin partially 
inhibited the increase in Vm during hyposmotic stress due 
to lowering the external Naci concentration, and this 
effect was reversible (Figs. 7 & 8). However, nystatin 
did not inhibit this increase in Vm if hyposmotic stress 
resulted from lowering external sucrose concentration 
(Figs. 7 & 8).
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Fig. 6. Effect of ouabain (l mM) on hepatocytes 
transmembrane potential (Vm). Data represents mean ± SEM 
of readings during continuous recording of impalements in 
four liver slices from four mice (n « 4) during exposure 
to ouabain (1 mM) for about 40 min. T « 0 refers to 
recording in modified Krebs' solution.
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Fig. 7. Effect of nystatin (180 U/ml) on hyposmotic 
stress-induced increases of hepatocyte Vm in mouse liver 
slices. Hyposmotic conditions result either from reducing 
medium NaCI or medium sucrose concentration.
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Fig. 8. Effect of nystatin (180 U/ml) on hyposmotic 
stress-induced increases of hepatocyte V. in mouse liver 
slices. Hyposmotic conditions result either from reducing 
medium NaCI or medium sucrose concentration. Vn:ss is the 
steady state Vm before osmotic stress, and V :os is the 
maximum V_ after osmotic stress, control and added 
nystatin (mean ± SE) were obtained as paired measurements 
in each of 4 liver slices for reduced NaCI and for reduced 
sucrose. #Washout of nystatin was done in only 3 liver 
slices. Significant difference between control and 
nystatin treatment, F (1 6) ■ 52, p < o.ooi.
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Time-Dependent Decrease in a1^  in 
TMA+-Loaded Hepatocvtes 
Average a'THA immediately after loading hepatocytes in 
liver slices was 22 ± 2 mM (n “ 28 measurements in 10 
liver slices). This large range for control values of 
a'TKA, along with polyploid mouse hepatocytes (Carriers, 
1969) with various normal volumes which suggests a large 
range of initial volumes, prompted us to compare ratios of 
experimental a’TKA and control a’THA obtained from different 
cells or slices. Intracellular TMA+ activity (a*THA) 
remains constant over 3 hr in TMA+-loaded epithelial cells 
of Necturus gallbladder (1985). In contrast, hepatocyte 
a*THA decreased steadily when measured by serial sampling 
of different cells over l hr (Fig. 9. Upper). Paired 
measurements of Vn by the double-barreled microelectrode 
showed that VCT did not decrease but increased slightly 
during this same period (Fig. 9, Lower). This suggests 
that the time-related decrease in a’TW did not result from 
ions leaking from the cell around the microelectrode. 
However, a1THA remained constant for at least 4 min when 
a'TKA was measured continuously in single cells (Fig. 10). 
Consequently, measurements of a*THA to assess changes in 
hepatocyte volume (see below) were taken within four min 
after osmotic stress.
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Fig. 9. Hepatocyte TMA+ activity and transmembrane 
potential (V_) plotted vs. tine. Data were obtained with 
double-barreled microelectrodes from 29 cells in 8 liver 
slices. Upper; Hepatocyte relative intracellular TMA* 
(ratio of intracellular TMA* activity— time x/ 
intracellular TMA* activity of first impalement in liver 
slice— time zero) vs time. Regression coefficient (b) - - 
0.009 ± 0.001/min, p<0.00lf correlation coefficient (r) ■ 
*0.92. Lower; Hepatocyte transmembrane potential (V„ 
from the same impalements above) vs time, b - 0.09 ± 0.04 
mV/min, p<o.05; r « 0.40.
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Pig. 10. Effect of time on intracellular TMA* activity in 
hepatocytes loaded with TMA* and measured continuously for 
11 min. in single cells with double-barreled, ion- 
sensitive microelectrodes. Each point indicates the mean 
i SE (n = 4) of four liver slices and a total of seven 
continuous impalement recordings. Relative intracellular 
TMA* referB to ratio of intracellular TMA* activity at 
time (x) to intracellular TMA* activity at time zero (on 
impalement).
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Effect of Loading the Hepatocvtes with TMA* on Vm-and 
the Increase in Va During Hyposmotic Stress 
Loading hepatocytes with TMA* had no effect on Vm or 
on the increase in Vm during hyposmotic stress (Table I). 
Thus, the loading procedure had no permanent effects on 
either cell viability or on the plasma membrane's relative 
ion permeabilities as indicated by the vra and its increase 
with hyposmotic stress.
Effect of Osmotic Stress on a1^  and-V^ 
in Hepatocvtes Loaded with TMA*
Osmotic stress on hepatocytes was achieved by altering 
external sucrose concentrations, and the accompanying 
changes in Vm and afTHA were measured with double-barreled 
microelectrodes (Figs. 11 & 12A). The a1-^ was directly 
proportional to the differential voltage of the ion- 
selective (VTHA) and open-tip (Vn) electrodes (Eq. 1 
above). Hyposmotic stress decreased a1^ ,  which indicated 
an increase in cell water content and implied swelling of 
hepatocytes (Fig. 11A). Conversely, hyperosmotic 
solutions increased a1^ ,  which suggested a decrease in 
cell water and implied cell shrinkage (Fig. 11B).
Increases and decreases in hepatocyte Vm also accompanied 
hypo- and hyperosmotic stress, respectively (Fig. 11A & 
11B), and these were similar to those reported by Howard 
and Wondergem (1987).
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TABLE I
EFFECT OF LOADING HEPATOCYTES WITH TMA+ ON HEPATOCYTE 
TRANSMEMBRANE POTENTIAL (VJ AND ON THE INCREASE OF Vra 
DURING HYPOSMOTIC STRESS.
Variable Before loading 
with TMA4
After loading 
with TMA+
Vm (mV) -30 ± 1 -31 ± 3 n.s
Vm:os/Vm:ss 1.97 ± 0.13 1.99 ± 0.23 n.s.
Effect on Vm shows averages from four liver slices (n = 4 
animals) representing 20 impalements (8 control: before 
loading with TMA'1'? 12 experimental: after loading with 
TMA4). Effect on Vm during hyposmotic stress shows 
averages from three liver slices (n » 3 animals) 
representing 12 impalements (5 control; 7 experimental). 
Vm:os “ maximum value of Vn during osmotic stress. Vm:ss = 
steady-state Vm. n.s.: not significant.
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A. Hyposmotic Stress
Fig. 11. Effects of osmotic stress on intracellular TMA* 
activity and transmembrane potential (Vm) of hepatocytes 
loaded with TMA*. A: Effect of hyposmotic stress. VR
was -25 mV and increased during hyposmotic stress to -43 
mV. The a’TKA was 42 mH and decreased within three minutes 
during hyposmotic stress to 36 mM. Control a TKA 
/Experimental a’7HA « 1.17. Relative osmolality: 
Experimental mOsm /Control mOsm » 0.62. fix Effect of 
hyperosmotic stress. Vm was -34 mV and decreased during 
hyperosmotic stress to -27 mV. The a ^  was 15 mM and 
increased within three minutes during hyperosmotic stress 
to 16 mM. Control a THA/Experimental a'™ = 0.94. Relative 
osmolality « 1.2. Time and voltage calibration applies to 
both traces in A & B. Downward is greater 
electronegativity for traces of V„. Downward is more 
electropositive for traces of - VR. Intermittent 
upward voltage deflections throughout some recordings 
result from 0.5 nA of constant current through the open- 
tip microelectrode to assess its input resistance.
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Fig. 12A. Effects of osmotic stress on intracellular TMA+ 
activity and transmembrane potential (Vm) of hepatocytes 
loaded with TMA+. Upper: Relative cell water volume
[ (control a’THA/experimental a'TH.) - 1] vs relative 
osmolality [(experimental mOsm/control mOsm) - 1]. The 
dashed line is the predicted changes of relative cell 
volume after an osmolality change: ([control
mOsm/experimental mosm] - 1). Lower: ([Experimental
V„/Control Vn] - 1) vs relative osmolality. Data was 
obtained from 39 recordings as shown in Fig. 7 
representing 30 impalements from thirteen liver slices.
The average a THA and V- in control PSS were 18 ± 1.8 mM and 
-32 ± 0.9 mV, respectively. Osmolalities of PSS were 
obtained by altering external sucrose concentrations, and 
they ranged from 178 mOsm to 459 mosm.
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Variation in Vm and a1^  with External Osmolality
To determine whether volume regulation occurs in 
hepatocytes in liver slices, the change in steady-state 
cell water volume was plotted ([control a1^ /  experimental 
a17HA] - 1) as function of relative osmolality 
([experimental mOsm/control mOsm] - 1} (Fig. 12A. Upper). 
Fitting the data to a linear function have regression 
coefficient of -0.34 ± 0.03 (p< 0.001), which showed 
significant changes in volume with external osmolality. 
However, these points did not fit the plot predict for a 
perfect osmometer. It was assumed here that TMA+ 
distributes evenly throughout the total cell water and 
that changes in a*7HA reflect changes in cell water volume. 
These results indicated that either the hepatocyte 
membrane is not impermeant to sucrose or that the cells 
are capable of partially regulating their volume in spite 
of the osmotic perturbations.
Howard and Wondergem (1987) demonstrated that 
hepatocyte Vn behaves as an osmometer and varies with 
osmotic stress due to alterations in external NaCl 
concentration. The present Vn changes taken as paired 
measurements from the double-barreled TMA+-elect rode are 
shown in Fig. 12A, Lower, and they demonstrate this 
characteristic of hepatocyte Vm also occurs with osmotic 
stress due to changes in external sucrose concentration.
The physiologic significance of changes in hepatocyte
Vm during osmotic stress is unknown. However, it may be 
linked to cell volume regulation, either as a transducer 
to signal volume change or as an electromotive force to 
redistribute osmotically active anions across the plasma 
membrane such as Cl- (Graf et al., 1988). The relation 
between the changes in hepatocytes Vm and the changes in 
TMAf ratios during osmotic stress is seen in Fig. 12B.
Effect of Baz* on a\m and the Increase in 
Hepatocyte Vm Purine Hvposmotic Stress 
As an initial step to explore the physiologic 
significance of changes in hepatocyte V„, during osmotic 
stress, the researcher asked whether Baz* (2 mM), a known 
blocker of K+ channels, affects both Vfl and a1^  during 
hyposmotic stress. Representative recordings taken from 
the same liver slice are shown in Fig. 13(A) & 13(B). A 
decrease in external osmolality by «30% increased Vn and 
decreased the differential voltage of Vtha " \  (less 
positive) (Fig. 13A). These voltage changes reversed when 
control conditions were restored (not shown). The 
measurements were repeated in the presence of Ba2* (Fig. 
13B). Now during hyposmotic stress the increase in Vm 
diminished, but the decrease in the differential voltage 
was much greater than under the control condition. This 
indicated a greater increase in cell water volume.
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0.25 ±  0.02
1.2 p < 0.001m
r “ -0 .90
1.0
0.9
0.8a.x
IU 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Experimental Vw /Control Vw
Fig. 12B. The relation of the changes in hepatocyte 
transmembrane potential (V_) to the changes in 
intracellular TMA+ activities during osmotic stress. The 
data represents the same data in Figure 12A.
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Vtiia - Vm
1 10 mV
290
mOsm
LLi .u i l in11111111 >< V m
________  1 10 mV
207 mOsm
1 mfn
B. Vwa “ Vm1 10 mV
imnniuinuuma^,  .. Vm
_________________________________  J  10 mV
290 
mOsm 
+ Ba2*
207 mOsm + Ba2+ (2mM)
Fig. 13. Effects of added Ba2+ on intracellular TMA+ 
activity and transmembrane potential (VJ during osmotic 
stress of hepatocytes loaded with TMA+. A* Effects of 
hyposmotic stress under control conditions. Vn was -24 mV 
and increased during hyposmotic stress to -36 mV. The 
a1THA was 22 mM and decreased within three minutes during 
hyposmotic stress to 19 mM. Control a'^/Experimental 
a THA ” 1*16. Relative osmolality: Experimental mOsm
/Control mOsm « 0.71. Effect of hyposmotic stress
with Ba added at 2 mM. Vm was -31 mV and increased 
during hyposmotic stress to -34 mV. The a’w  was 21 mM 
and decreased within three minutes during hyposmotic 
stress to 14 mM. Control a TW/Experimental a ^  * 1.50. 
Relative osmolality • 0.71. Time and voltage calibration 
applies to both traces in A & B. Downward is greater 
electronegativity for V, trace. Downward is more 
electropositive for V ™  - V„ traces. Intermittent upward 
voltage deflections throughout recordings result from 
constant 0.5 nA of pulse current through the open-tip 
microelectrode to assess its input resistance.
Results obtained from four liver slices are summarized in 
Table II. Hyposmotic stress of 0.66 times the control 
osmolality to hepatocytes in liver slices hyperpolarized 
VB by a factor of 1.62. In the same cells, cell water 
volume increased
>by a factor of 1.18, which indicated increase in cell 
water volume. If Baz+ was present at 2 mM in both control 
and hyposmotic solutions, Vm hyperpolarized by only 1.24, 
which was significantly less than that under control 
conditions. Furthermore, addition of Baz+ resulted in an 
increase in cell water volume by a factor of 1.44. This 
was significantly greater than that measured in cells 
under control conditions (p < 0.001).
Effect of Verapamil on a\tm and the Increase 
in Hepatocyte Vn During Hyposmotic Stress 
As shown previously (Khalbuss, 1988) verapamil, a 
known Caz+-channel blocker, inhibits the hyperpolarization 
of the hepatocytes during hyposmotic stress and this 
effect was dose dependent. This study repeated some of 
the experiments using TMA+-sensitive microelectrodes. The 
results (Fig. 14. & Table III) show difference in changes 
of Vn and a'THA in control compared with verapamil-treated 
hepatocytes(50 /iM). In Table II hyposmotic stress of 0.69 
times the control osmolality to hepatocytes in liver 
slices hyperpolarized VB by a factor of 1.34. In the same
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TABLE II
EFFECT OF BaCl2 (2 mM) OH HYPOSMOTIC STRESS-INDUCED 
INCREASES IN HEPATOCYTE TRANSMEMBRANE POTENTIAL (VJ AND 
INCREASES IN HEPATOCYTE HATER VOLUME AS MEASURED BY CHANGE 
IN INTRACELLULAR TMA+ ACTIVITY.
Results are averages from four liver slices (n =» 4 
animals) representing 11 impalements (6 control and 5 
experimental). Predicted relative increase in cell water 
volume according to Boyle-vant't Hoff Law is: 1.51 ±
0.04.
Hyposmotic 
Stress (286  
to 190 mOsm)
Relative 
Increase in
v„
( V . W V o )
Relative 
Increase in Cell 
( Watejr Volume
( a  T H A )o/(a  TKa) 4m1n
Control 1 . 6 2  ± 0 . 0 4 1 . 1 8  ± 0 . 0 2
Added Baz+ 1 . 2 4  ± 0 .0 9 * 1 . 4 4  + 0.02**
W o  “ \  at time zero, and (Vn)4(Il1rl = Vm 4 min after onset 
of osmotic stress. (a tha)o = intracellular TMA activity 
at time zero, and (a1TKA)4-,n = intracellular TMA+ activity 4 
min after onset of osmotic stress.
* Differs from control, F/1( g) “ 1!>, p < 0.01; ** Differs 
from control, F(1( 6J = 102, *p < o.ooi.
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A.
Vtm* -  V m  t.‘ i i “ ‘ “ . v n  T.“ i r - T 11 fc*1***-1111** * ia j ^ 1 1 0 mV 
Vm  mmiinmi^i, , . . . .  .......  Hn-v
292 mOsm 210 mOBm 292mOsm
1 min
B.
yTM1 _ ym  uar,..    ... *****11ii»■ u m m u u M il ....... 110 mF
Vm  ..   Iimm nn.nim| j10mV
292 mOam 
+ 210 mOsm + Verapamil (50pM) 292 mOsm
Verapamil
Fig. 14. Effects of verapamil (50 pM) on intracellular 
TMA+ activity and transmeTobrane potential (VJ of 
hepatocytes loaded with TMA+. In Al The effect of 
hyposmotic stress (control). Vm was -23 mV and increased 
within 3 min during hyposmotic stress to -29 mV. 
Intracellular THA* activity was 22 mM and decreased within 
same three minutes during hyposmotic stress to 19 mM. 
Control TMAV Experimental TMA+= 1.36. Relative 
osmolality « 0.72. In Ei The effect of verapamil on 
hyposmotic stress (Experimental) in the same liver slice. 
Vm was -20 mV and decreased within 3 min during hyposmotic 
stress to -19 mV. Intracellular TMA* activity was 12.5 mM 
and decreased within the same period to 9 mM. Control 
TMA+/ Experimental TMA+ =■ 1.39. Relative osmolality «' 
0.72.
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TABLE III
EFFECT OF VERAPAMIL (50 /iH) ON HYPOSMOTIC STRESS-INDUCED 
INCREASES IN HEPATOCYTE TRANSMEMBRANE POTENTIAL (Vm) AND 
INCREASES IN HEPATOCYTE WATER VOLUME AS MEASURED BY CHANGE 
IN INTRACELLULAR TMA+ ACTIVITY.
Results are averages from four liver slices (n » 4 
animals) representing 12 impalements (5 control and 7 
experimental). Predicted relative increase in cell water 
volume according to Boyle-vant't Hoff Law is: 1.39 ±
0 .01.
Hyposmotic 
Stress (292 
to 201 mOsm)
Relative 
Increase in
.  V<"
Relative 
Increase in Cell 
Water Volume
(a TKA)o/(a*THA)4min
Control 1.34 ± 0.07 1.19 ± 0.02
Added Verapamil 1.08 ± 0.08* 1.42 ± 0.02**
(Vm)0 = V at time zero, and (VJ^ ,,, = Vm 4 min after onset 
of osmotic stress. (a THA)0 = intracellular TMA activity 
at time zero, and (aVu/O-tmin ** intracellular TMA+ activity 4 
min after onset of osmotic stress.
* Differs from control, F(1( 6j *= G, p < 0.05; ** Differs 
from control, Fjlt 6) = 85, p < 0.01.
cells, cell water volume increased by a factor of 1.19, 
which indicated an increase in cell water volume. In 
hepatocytes treated with verapamil in both control and 
hyposmotic solutions, vfl hyperpolarized by only 1.08, 
which was significantly less than that under control * 
conditions. This is in agreement with the results 
reported previously by single glass microelectrodes 
(Khalbuss, 1988). Furthermore, verapamil resulted in an 
increase in cell water volume by a factor of 1.42. This 
was significantly greater than that measured in cells 
under control conditions (p < 0.001).
Effect of Ca2*- Free Medium Plus EGTA on a1^  and 
the Increase in Hepatocyte Vm During Hyposmotic stress 
Deleting Ca2* from normal Krebs's physiological salt 
solution had no significant effect on the increase Vn 
during hyposmotic stress (Khalbuss and Wondergem, 
unpublished observations). Host of total hepatic calcium 
is bound to the extracellular glycocalyx (Borle, 1982), 
so it is unlikely that a liver slice can be depleted of 
its external calcium by superfusing with a Caz+-free 
solution. Adding EGTA (5 mM) to the Ca2+-free solutions 
causes inhibition of the increase in hepatocyte Vm during 
hyposmotic stress (Khalbuss, 1988). This study repeated 
the measurements using TMA+-sensitive microelectrodes.
The results (Fig. 15 & Table IV) show the difference in
changes of Vm and a1-^ in control compared with cells 
treated with Ca2+ free medium plus EGTA (5 mM) .
Hyposmotic stress of 0.73 times the control osmolality 
hyperpolarized Vm by a factor of 1.34. In the same cells, 
cell water volume increased by a factor of 1.16. In 
hepatocytes treated with Ca2*-free and EGTA (5 mM) 
solution for at least 15 min both control and hyposmotic 
solutions, Vra hyperpolarized by only 1.15, 
which was significantly less than that under control 
conditions. This is in agreement with the results 
reported previously using single glass microelectrodes 
(Khalbuss, 1988). Furthermore, using Ca2+-free medium 
plus EGTA resulted in an increase in cell water volume by 
a factor of 1.31. This was significantly greater than 
that measured in cells under control conditions (p < 
0.001).
Effect of Ca2*-ionophore A231S7 on Increase 
Hepatocyte Vm During Hyposmotic Stress 
The cytosolic concentration of Ca2+ can be modified 
with the Ca2*-ionophore A23187 (Grinstein et al., 1982; 
Parisi et al., 1987). There are two mechanisms for the 
increases in cytosolic Ca2+ by A23187. one is that A23187 
causes increases in membrane ca2+ permeability (Parisi et 
al., 1987). The other mechanism, as demonstrated on rat
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10 mV
- I  M n»v  Vm
1 min
296 mOsm 243 mOsm 296 mOsm
I ■ MX*.........“ "f*"
 ...        1,1 “iiiiinni ii
296 mOsm 243 mOsm 296 mOsm
Ca2+-Free + EGTA Ca^-Free + EGTA Cal+-Free + EGTA
Fig. 15. Effects of calcium-free medium plus EGTA (5 ffiM) 
on intracellular TMA+ activity and transmembrane potential 
(Vn) of hepatocytes loaded with TMA+. In hL The effect 
of hyposmotic stress (control). In fli The effect 
calcium-free medium plus EGTA on hyposmotic stress 
(experimental).
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TABLE IV
EFFECT OF CALCIUM-FREE MEDIUM PLUS EGTA (5 mM) ON 
HYPOSMOTIC STRESS-INDUCED INCREASES IN HEPATOCYTE 
TRANSMEMBRANE POTENTIAL (VJ AND INCREASES IN HEPATOCYTE 
WATER VOLUME AS MEASURED BY CHANGE IN INTRACELLULAR TMA+ 
ACTIVITY.
Results are averages from four liver slices (n - 3 
animals) representing 12 impalements (7 control and 5 
experimental). Predicted relative increase in cell water 
volume according to Boyle-vant't Hoff Law is: 1.39 ±
0.05.
Hyposmotic 
Stress (295 
to 215 mosm)
Relative 
Increase in
vm
( V n . W V o )
Relative 
Increase in Cell 
Water Volyrae
(a THA)(j/(a THa) 4min
Control 1.34 ± 0.07 1.15 ± 0.02
Caz*-Free plus 
EGTA (5mM)
1.16 ± 0.07* 1.31 ± 0.01**
(Vm)o = vm at time zeroi and (vm>4mln “  Vm 4  min after onset 
of osmotic stress, fa THA)0 = intracellular TMA activity 
at time zero, and (arTHA)4n.,n = intracellular TMA+ activity 4 
min after onset of osmotic stress.
* Differs from control, F{1( Gj « 4, p < 0.1; ** Differs 
from control, F(1( ej = 54, p < 0.001.
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hepatocyte, is by increasing release of Ca2+ from 
intracellular stores, most likely mitochondria (Chen et 
al., 1978).
To further explore the role of Ca2+ in hepatocyte 
volume regulation, initially the researcher exposed 
hepatocytes to hyposmotic solutions to demonstrate the 
increase in their then in the same liver slice, the 
procedure was repeated that in the presence of Ca2*- 
ionophore A23187 (0.25-0.5 fiM). The data (n = 3) are 
shown in Fig. 16. & Table V (A).
Effect of Ca2Vlonophore A23187 on Verapamil Inhibition 
of Increase Hepatocyte V,,, Purina Hyposmotic Stress 
The increase in hepatocyte Vm is inhibited by 
verapamil as previously reported, using single glass 
microelectrodes (Khalbuss, 1988), and as shown by the data 
in this study, using double-barreled glass 
microelectrodes, since ionophore A23187 causes an 
increase in hepatocyte cytosolic Ca2+ (Chen et al., 1978), 
the effect of adding A23187 (1 /iM) plus verapamil (50 /iM) 
on the increase in hepatocyte V,, during hyposmotic stress 
was examined. First, the increase in hepatocytes Vm 
during hyposmotic stress was demonstrated. Then, in the 
same liver slice the procedure repeated in the presence of 
verapamil to demonstrated the inhibition of increases in 
VR by verapamil. Finally, the procedure was repeated that
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1mlnj 10nV
382 mosm 201 mOsm 282 tnOsm 282 + A23187 201 + 282 +
A23187 A23187
Fig. 16. Effect of Ca -ionophore A23187 on hepatocyte V,„ 
and on the increase of hepatocyte Vm during hyposmotic 
stress. Vm was -30 mV in P.S.S. and increased during 
hyposmotic stress to -57 mV (ratio = 1.9), then V,, in 
P.S.S was -32 mV and increased to -38 mV during exposure 
to A23187 (ratio = 1.19), then during hyposmotic stress in 
presence of A23187, the V_ increased from -37 to -58 mV 
(ratio = 1.57).
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again in the presence of verapamil plus A23187. The data 
are shown in Table V (B). The Ca2+-ionophore A23187 did 
not reverse the inhibition by verapamil.
TABLE V
EFFECT OF CAZ+-IONOPHORE A23187 (0.25-1 /iM) , ON THE 
INCREASE OF HEPATOCYTE Vn; AND ON THE VERAPAMIL (50 /lM) 
INHIBITION OF THE INCREASE HEPATOCYTE Vn, DURING 
HYPOSMOTIC STRESS.
Hyposmotic conditions result from reducing external 
sucrose concentration. Control and Experimental (mean ±
SE) were obtained as paired measurements of 3 liver slices 
for A,* with total of 12 impalements (9 control and 3 
experimental), and of 2 liver slices for B; with total of 
12 impalements (6 control, 6 experimental).
Relative
Osmolality
(Exp./Cont.) Vm: ss Vm: os Vm: os/Vm: ss
Control 201/282 31 ± 1.6 50 ± 3.4 1.61 ±0.08
+A23187 201/282 32 ± 2.4 54 ± 4 1.49 ± 0.05n*’*
E l
Control 213/290 30 ± 1.7 48 ± 2 1. 62 ± 0.02
+ Verapamil 213/290 26 ± 3.3 31 ± 3 1.19 ± 0.03
+ Verapamil 
+ A23187
201/282 28 ± 4 29 ± 4 1.05 ± 0.02
Vn:ss is the steady state Vn before osmotic stress, and 
V-:os is the maximum Vm after osmotic stress, n.s.: no
significant difference between control and experimental.
CHAPTER 4 
Discussion
Hepatocytes Regulate Partially Their Volume During Osmotic 
Stress. Role of K* Conductance and Variationin Vn in 
Hepatocyte Volume Regulation 
Volume regulation in hepatocytes has been linked to 
increases in membrane K+ permeability and K* efflux 
(Bakker-Grunwald, 1983; Howard and Wondergem, 1987; Graf 
et al., 1988; Haddad et al., 1989; Corsanti et al., 1988; 
Haussinger et al., 1990). Baz+ blocks conductance of 
various K+-channels, depolarizes hepatocytes (Wondergem 
and Castillo, 1986), and disrupts rat hepatocytes volume 
regulation during hypotonicity (Corsanti et al., 1988; 
Haddad and Graf, 1989; Haddad et al., 1989). The results 
of this study showing difference in changes of mouse 
hepatocytes Vm and a‘TKA in control compared with Baz+- 
treated cells further indicate that changes in Vn are 
linked to osmotically-induced changes in membrane K+ 
permeability. As determined by the researcher, these 
findings also are the first to implicate that the increase 
in Vm due to hyposmotic stress plays a role in cell volume 
regulation. Cl" distributes passively with Vm in 
hepatocytes (Graf et al., 1987; Lyall et al., 1987; Fitz 
and Scharschmidt, 1987; Graf et al., 1988).
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It is hypothesized that change in hepatocyte Vm with 
osmotic stress provides electromotive force that quickly 
alters the intracellular Cl' activity (Howard and 
Wondergem, 1987; Graf et al., 1988). Decrease of 
hepatocyte Vn, which accompanies hyperosmotic stress, 
increases intracellular Cl", whereas hyperpolarization of 
Vn, which accompanies hyposmotic stress, decreases 
intracellular chloride. This exchangeable Cl" pool may 
provides a means for rapid volume regulation by 
hepatocytes, which may be physiologically important during 
metabolic variation in the concentrations of intracellular 
organic solutes, such as amino acids, glucose, or bile 
salts. The change in intracellular Cl" activity during 
osmotic stress has been recently reported in rat 
hepatocytes (Haussinger et al., 1990).
The results indicate that hepatocytes in mouse liver 
slices partially regulate their volume during osmotic 
perturbations of the extracellular media. The slope of 
the plot in Fig. 12A is less than that of a perfect 
osmometer, which indicates that net transmembrane water 
movement in hepatocytes is less than predicted by the 
change in osmotic pressure. Alpini et al. (1986) showed 
that sucrose does not permeate the hepatocyte plasma 
membrane. Thus, it can be interfered that a reflection 
coefficient of unity for sucrose and the hepatocyte 
membrane and a sucrose-impermeant hepatocyte plasma
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membrane is inconsistent with that predicted for perfect 
osmometer (see Fig. 12A). The partial regulation of mouse 
hepatocytes during hyposmotic stress has been also 
reported recently in rat hepatocytes (Corasanti et al., 
1990).
Other studies demonstrate that hepatocytes regulate 
their volume, particularly during cell swelling (Haddad 
and Graf, 1988; Haddad et al., 1989; Bakker-Grunwald,
1983; Corasanti et al., 1990). Hepatocyte swelling can 
occur after water intake by an organism (Haberich, 1964) 
or during changes in intracellular concentrations of 
organic solutes, such as amino acids (Bakker-Grunwald, 
1983; Kristensen, 1986; Wondergem and Castillo, 1988). 
Changes in a’THA with time during osmotic stress show that 
volume regulation is concurrent with the osmotic imbalance 
instead of following initial increases or decreases in 
cell volume. Thus, volume regulatory decreases or 
increases, which are evident in many cells in suspension 
including rat hepatocytes (Bakker-Grunwald, 1983; Corsanti 
et al., 1988), do not occur in mouse liver slices. This 
could reflect different regulatory capabilities of cells 
in situ compared with hepatocytes in suspension. Here, 
extracellular matrix in concert with the cell cytoskeleton 
may dampen sudden changes in cell volume. Also, four min 
time limits on the present measurements may be not long 
enough to record significant volume regulatory events.
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Finally, TMA+ may alter the time course for cell volume 
regulation, as might mixing and diffusion delays for media 
changes in liver slices. The researcher has yet to 
explore any of these possibilities.
Possible diffusion delays in liver slices are 
difficult to determine. However, Graf et al. (1988) 
showed using cultured mouse hepatocytes, a similar time 
course for Vm changes during osmotic stress. Cultured 
cells do not have the extensive intercellular compartments 
and spaces that are found in situ. This indicates that 
there is no considerable diffusion delay in using liver 
slices for studying the osmotic response. Therefore, the 
few minutes that it takes for hepatocyte Vn to reach the 
maximum response is biologically meaningful. This slow 
response suggests a slow response for gK.
An Electrophvsioloclc Technique to Measure 
Chances in Hepatocyte Volume 
Changes in intracellular activity of membrane 
impermeant foreign ions such as TMA+ to measure changes in 
the epithelial cell volume of gallbladder (Reuss, 1985; 
Cotton, 1989) can be more accurate than changes in native 
ions such as Na+ and Cl' for the same purpose (Zeuthen, 
1982), because K+, Na+, and Cl~ are the major ions that 
redistribute in response to volume regulation (Siebens, 
1985). Loading cells with TMA+ has been used in
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epithelial cells of gallbladder (Reuss, 1985; Cotton et 
al., 1989) and in retinal pigment epithelia (Adorante and 
Hiller, 1990, in press) to be an indicator for the changes 
in cellular water content. This study has modified and 
applied this electrophysiological technique to measure 
changes in hepatocyte volume.
Some quirks encountered in attempting to meet the 
criteria, for effective loading and measurement of TMA+ in 
hepatocytes (see Hethods), were unexpected. Nystatin, for 
example, has no immediate effect on hepatocyte Vfl. In 
contrast, nystatin caused a large Vm depolarization on the 
luminal side of epithelial cells in Necturus gallbladder 
(Reuss, 1985; 1978), and similar effects occurred in 
urinary bladder epithelium (Lewis et al., 1977), and in 
fungal cells (Thevelein, 1984). Nonetheless, nystatin 
depolarized hepatocytes when added to cells whose Na+-K* 
pump had been inhibited by ouabain (1 mM). It was 
concluded that an electrogenic Na+-K+ pump in hepatocytes 
compensates the depolarizing effect of the non-selective 
cation leak by nystatin, which perhaps is activated by 
nystatin- or amphotericin-induced rise in intracellular 
Na+ activity. Activation of Na*-K+ pump by polyene 
antibiotics also occurs in frog skin (Benoit and Yorio, 
1985).
The data in this study regarding the long term effect 
of ouabain (40 min) on hepatocytes Vm excluded the
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possibility that the depolarization by adding nystatin to 
hepatocytes treated with ouabain, is due to long term 
inhibition of Na+-K* pump. This result also indicates a 
weak electrogenic component of Na+-K+ pump in mouse 
hepatocytes. Similar observation have been reported 
previously in mouse hepatocytes (Graf and Petersen, 1974) 
and in rat hepatocytes (Graf et al., 1987).
The results in this study demonstrated that nystatin 
activates hepatocytes Na+-K+ pump. This may be by primary 
activation resulting from conformational changes that 
occur in the presence of polyene in the cell membrane, or 
it may be a secondary activation by increasing Na+ influx. 
For example, insulin causes activation of hepatocyte Na+- 
K* pump (Fehlmann and Freychet, 1981; Moore, 1983), and 
this activation is secondary to rapid and transient 
increases in Na+ influx (Fehlmann and Freychet, 1981). 
Direct measurements of intracellular Na+ activity (a*Ha) or 
substituting external Na+ with lithium during exposure to 
nystatin will be required to distinguish between these 
possibilities.
Nystatin increases hepatic alkaline phosphatase 
activity in rat liver by an unknown mechanism (Wilfred and 
Selvakumar, 1983) and increases trehalase activity in 
vegetative cells (Thevelein, 1984). On the other hand, 
increase in intracellular K+ is involved in protein 
synthesis in bacteria (Lubin, 1964; Lubin and Ennis,
1964), as well as in animal cells (Lubin, 1967; Lau et. 
al., 1988). The data, that nystatin affects hepatocytes 
by forming channels and activating Na+-K+ pump, suggest 
that increases in hepatic alkaline phosphatase, a protein, 
may be a secondary effect to an increase in intracellular 
K+ activity (a’K) that results from activation of Na*-K+ 
pump. More work including direct measurements of a*K 
during exposure to nystatin may be required in order to 
support this possibility.
An increase in hepatocyte Vm during hyposmotic stress 
results in part from an increase in membrane K* 
conductance (Howard and Wondergem, 1987). Exposing one 
side of the cell membrane to nystatin assumes that it 
forms a single-length channel that is cation-selective 
(Kleinberg and Finkelstein, 1984). Thus, it is expected 
that it would result in changes in K+-conductance, 
inhibition of this increase in Vm during hyposmotic stress 
by nystatin is consistent with the prediction that 
nystatin forms a membrane pore that acts as a non­
select ive cation conductance. Nystatin alone effectively 
increases membrane cation permeability, which results in 
cell swelling (Ikehara et al., 1986). Thus, further 
swelling during subsequent hyposmotic stress is limited 
and corresponding increases in Vn are less (Fig. 7 & 8.). 
in contrast, sucrose does not permeate the nystatin pore, 
and its presence reduces cell swelling due to nystatin
alone (Ikehara et al., 1986). Subsequent hyposmotic 
stress results in complete swelling and corresponding 
increases in Vm. This study revealed also reversibility 
of nystatin's inhibition of swelling-induced increases in 
Vp,. This showed that there is no long-term effect of 
nystatin that might interfere with volume measurements, 
and it demonstrated that nystatin can be removed from the 
hepatocyte cell membrane. This is consistent with 
previous observations of Holz (1976).
Reuss (1985) found that a'-^ in epithelial cells of 
Necturus gallbladder loaded with TMA+ was constant and did 
not change appreciably over a 3 hr period. Results of 
measurements in this study in hepatocytes showed a1THA 
decreased by 60% over 1 hr. The liver is an important 
organ for detoxification of many compounds, and it may 
degrade TMA+. Previous studies showed that TMA+ does not 
permeate epithelial cells of gallbladder (Reuss, 1985) or 
human and sheep erythrocytes (Joiner and Lauf, 1978). 
However, hepatic transport and biliary excretion of 
organic cations like quaternary ammonium compounds are 
well known (Meijer et al., 1972; Weltering et al., 1975; 
1977; Heef et al., 1984). The results of this study, 
concerning TMA* reduction with time suggested a mechanism 
of excretion, degradation, or transport of TMA+ by the 
hepatocytes. However, a*THA remained constant in these 
experiments for at least 4 min when a!TW was measured
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continuously in single cells, consequently, measurements 
of a1^  (see below) were taken within four min after 
osmotic stress.
It is important that an electrophysiological 
technique, which measures volume or the changes in volume, 
does not affect the electrical properties of these cells 
of interest. This study demonstrated that loading the 
hepatocytes with TMA+ changes neither hepatocytes' Vn nor 
the increase in hepatocytes* Vtt during hyposmotic stress.
Role of Cell Ca2* in Hyposmotic Stress-Induced 
Increases in Heoatocvte Vro 
The results of verapamil and calcium free medium 
confirm the conclusion from a previous study (Khalbuss, 
1988} that extracellular Ca2+ is involved in mechanisms of 
increased Vm during hyposmotic stress. Horeover, this 
study has shown here that the Caz+-channel blocker, 
verapamil, or Ca2*-free medium plus a Ca2+ chelator (EGTA) 
increases hepatocyte swelling during hyposmotic stress as 
measured by changes in a'^ in hepatocytes loaded with 
TMA4. Thus, hepatocyte Caz+ homeostasis is involved in 
hepatocyte volume regulation during hyposmotic stress. In 
human lymphocytes, Grinstein et al. (1982) found 
significant inhibition of regulatory volume decrease (RVD) 
by using Caz+-free solutions containing 1 mM EGTA. Hong 
and Chase (1986) demonstrated that isolated epithelial
cells of toad urinary bladder fail to regulate volume when 
exposed to hypotonic solution containing 0.1 #iM Caz* 
without added EGTA. Deleting Caz* (without EGTA) from the 
physiologic salt solution had no significant effect on 
increase in VB during hyposmotic stress (Khalbuss and 
Wondergem, unpublished data). Approximately 60% of total 
hepatic Caz+ is in the extracellular glycocalyx (Borle, 
1982), and this is a source of external Ca8+ in spite of 
its omission from the external medium. Moreover, 
commercial KC1 used to prepare the solutions is 
contaminated with Ca2+, -0.002%. This Ca2+ may have 
significant mass action to prolong the washout of 
extracellular Caz+ from the unstirred layer. The addition 
of 5 mM EGTA undoubtedly sequesters the residual free 
external Caz+, and it also reduces intracellular free Caz+ 
(Lemasters et al., 1987).
These results suggest that the extracellular pool of 
calcium is involved in hepatocyte mechanisms of volume 
regulation during hyposmotic stress. Inhibition of the 
volume regulation mechanism during hyposmotic stress by 
verapamil in liver provides additional evidence that 
external Caz+ is involved in this phenomenon. Verapamil 
at 100 pM inhibits Ca2+ inflow across the plasma membrane 
of hepatocytes (Hughes et al., 1986). However, this 
occurs by mechanisms other than inhibition of a voltage- 
sensitive membrane Caz* channel, because functional
channels were not found in hepatocyte plasma membrane 
(Marchetti et al.f 1988). Verapamil in the liver has been 
shown also to inhibit intracellular mobilization of ca2+ 
rather than block Ca2* influx (Kimura et al., 1982). Up 
to 60% of total Ca2* influx into hepatocytes occurs by a 
Na+-Ca2* exchange (Bernstein et al., 1985). Verapamil at 
high doses (100 /iM) inhibits the membrane Na*-Ca2* 
exchange; however, it remains uncertain whether this is a 
direct effect of verapamil (Horackova, 1985). In 
addition, verapamil inhibits voltage-activated K+ channels 
and RVD in mouse lymphocytes (Lee et al., 1988). Similar 
inhibition of gK+ by verapamil in hepatocytes would be 
consistent with our findings, but such mechanisms of 
action have not been determined.
Extracellular Ca2+ plays a role in volume regulation 
of other cell types, such as frog urinary bladder (Davis 
and Finn, 1985), in isolated cells from the toad urinary 
bladder (Hong and Chase, 1986), and in rat proximal 
tubules cells (Neufeld et al., 1983). In studies done on 
dog red cells, Parker (1978) found that extracellular Ca2+ 
enters the swelling erythrocytes via a Na+-ca2+ exchange. 
During RVD dog erythrocytes have the ability to extrude 
Na+ against its electrochemical gradient despite 
inhibition of the Na+-Kf pump. Verapamil, or the other 
pharmacological agents that have been used previously 
namely: cytochalasin B, trifluoperazine, promethazine,
and TMB-8 (Khalbuss, 1988), do not have absolute 
specificity for their desired inhibitory action. This 
limits the reliability of any one agent to indicate roles 
for cell Ca2+ and the cytoskeleton in activating 
hepatocyte volume regulation mechanism during hyposmotic 
stress. However, when considered together, all the 
experiments in this study and in the previous study 
(Khalbuss, 1988), implicate a role for cell Ca2* and 
microfilaments in this phenomenon. This probably involves 
regulation of membrane K+-channels, since variation in 
membrane gK+ underlies changes in hepatocyte Vm with 
altered external osmolality. This may involve Ca2f~ 
activated K* channels; however, their existence in mouse 
hepatocytes is not unequivocal. They apparently are 
absent or not functional in chicken or in rat hepatocytes, 
while there is evidence of their existence in guinea-pig 
and rabbit hepatocytes (Hughes et al., 1986; Jenkinson et 
al., 1983), Whether they exist in mouse hepatocytes is, 
according to known data, not known. Calcium involvement 
in hepatocyte volume regulation may also involve stretch-
i
activated channels (Bear, 1990; Christensen, 1987).
The results with A23187 on the increase in Vm during 
hyposmotic stress were unexpected. It was thought that 
the A23187 would increase further the increase in Vm 
during hyposmotic stress. But the results showed a degree 
of inhibition by the calcium ionophore. This inhibition
may be due to the depletion o£ Ca2+ by the A23187, since 
the ionophore A23187 has been shown to deplete hepatocyte 
Caz* and increase Ca2+ efflux (Chen et al., 1978). Another 
possibility is that the Ca2+-ionophore directly causes 
hepatocyte swelling, and exposing these swollen hepatocyte 
to further osmotic stress causes less swelling than 
expected. The increase in hepatocyte Vm that was observed 
during exposure to A231B7 (see Fig. 16.) is consistent 
with this explanation. Hepatocyte hyperpolarization by 
A23187 is consistent with previous data on mouse 
hepatocyte (Wondergem and Castillo, unpublished data) and 
in rabbit hepatocyte (Field and Jenkinson, 1987).
CHAPTER 5
Summary, Conclusion, and Prospective
Below is a diagram that summarizes and depicts 
possible cellular events during hyposmotic stress and 
volume regulation in hepatocytes:
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The onset of osmotic stress in hepatocytes triggers 
adaptive changes in the Vm. This study has demonstrated, 
by inhibiting change in Vn with the K+ channel blocker,
Ba2+, Ca2* channel blocker, verapamil, and Caz+-free medium 
plus Ca2+ chelator, EGTA, that the increase in Vm during 
hyposmotic stress is associated with the control of 
hepatocyte volume. Here, it is likely that the change in 
Vn alters the transmembrane Cl* gradient, since hepatocyte 
Cl" distributes passively according to Vm. Thus, the 
intracellular Cl" constitutes part of an exchangeable pool 
of osmolytes participating in cell volume regulation. The 
research has also have demonstrated that cell Caz+ plays a 
role in hepatocyte volume regulation during hyposmotic 
stress, possibly by regulation of K+ conductance.
Moreover, the utility of an electrophysiological method to 
measure change in cell water volume has been demonstrated. 
This electrophysiological technique depends on the 
effective loading of hepatocytes with TMA+ using nystatin, 
a non-selective, membrane cation pore.
Other questions have been raised and discussed 
elsewhere in this study: Do mouse hepatocytes have Ca+-
activated K+-channels? Do mouse hepatocytes have stretch- 
activated channels? Do mouse hepatocytes have a protein 
carrier or specific channels for TMA+? Do changes in 
hepatocyte Vm during osmotic stress, which have been shown 
in this study to be associated with volume regulation,
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activate Cl' efflux or influx during hypo- or hyperosmotic 
stress, respectively?
In trying to relate this work to some disease states 
in the liver, recent studies on the pathogenesis of 
alcoholic liver diseases showed that increased hepatocyte 
size accounts for hepatomegaly and for increased 
intrahepatic wedge pressure. It is possible that alcohol 
disrupts regulation of hepatocyte volume and intercellular 
ion activities and thus plays a significant role in the 
etiology of alcoholic liver disease (for review see 
Lieber, 1984) and in liver anoxia (Herman et al., 1987). 
Berridge (1984) and Hoek (1987) have shown that both 
ethanol and vasopressin increase a Ca+ influx pathway in 
the plasma membrane. Hoek et al. (1987) and Hoek (1987) 
have demonstrated that ethanol causes a transient increase 
of hepatocyte Ca+, as measured by the quin-2 technique, 
and this increase in intracellular Ca2+ is similar to that 
induced by glycogenolytic hormones acting on 
phosphoinositol signal pathway. Further work in the same 
laboratory (Hoek, 1987) has demonstrated that ethanol 
directly activates the hormone-sensitive phospholipase C, 
which raised the possibility that the ethanol effect is on 
the early step in the phosphoinositol system pathway 
(Thomas et al,, 1987). Involvement of extra- and 
intracellular Ca2* in hepatocyte volume regulation during 
hyposmotic stress, as the results in this study and
another study (Khalbuss, 1988) have shown, address a 
possible correlation between the previous two types of 
studies: ethanol disturbs hepatocyte volume regulation,
and ethanol increases intracellular Caz+. This 
correlation may address a possible hypothesis about the 
pathogenesis of alcoholic diseases. In this hypothesis, 
alcohol intake in acute phase may cause rapid swelling of 
hepatocyte due to its well known high rate of penetration. 
This swelling activates entry of Caz+, as well as, an 
increase in intracellular Ca2*, which is necessary for 
hepatocyte volume regulation. A possible involvement of 
inositol system pathway in hepatocyte volume regulation is 
suggested from this scenario, and from involvement of this 
pathway in ion regulation in nerve cell (Levitan, 1988) 
and in airway epithelia (Li et al., 1989). But in chronic 
alcohol intake, ethanol may disturb the volume regulatory 
mechanism in liver cells, probably at a step beyond the 
Ca2* step or more likely beyond the phospholipase c step. 
This may cause continuous activation of mechanisms that 
increase the intracellular Caz+. This increase may reach 
a point that harms the liver cells. It is well known that 
Caz* is a cellular toxin (Farber, 1981), since sustained 
high levels of intracellular Ca2* cause significant cell 
injury by unknown mechanisms (Rasmussen, 1985).
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APPENDIX III: Circuits For The Differential
Amplifier and The Current Generator.
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